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Electrical impedance tomography (EIT) is a non-destructive imaging technique 
that can monitor the conductivity change in a confined space. Compared with 
other imaging techniques, EIT has the advantages of the low-cost, high-
temporal resolution, non-destructive and non-radiative. Therefore, it has been 
widely applied in clinical applications, including thorax imaging, lung ventilation 
monitoring, breast cancer screening and functional brain imaging. 
This thesis aims to improve the performance of EIT in miniature imaging and 
to apply it in real-time 3D tissue culture monitoring. Biological cells cultured in 
3D can better mimic the behaviour of cells growing in the natural environment, 
but it is difficult for conventional techniques to monitor the condition of cells 
non-destructively due to the thickness of the tissue. Focusing on this challenge, 
this thesis introduces new protocols for real-time 3D tissue culture monitoring 
utilising EIT system and miniature EIT sensor and demonstrates novel models 
to analyse the characteristics of 3D tissue samples through EIT. The results of 
this thesis help the development of monitoring techniques in drug discovery 





Electrical impedance tomography (EIT) is an emerging image technique that 
can image the spatial conductivity distribution in the sensing area by 
generating an electric field and measuring the induced boundary voltages. 
With the advantages of low-cost, high-temporal resolution, non-destructive and 
non-radiative, EIT has been developed for the clinical applications, including 
thorax imaging, lung ventilation monitoring, breast cancer screening and 
functional brain imaging. Its feasibility for monitoring the motion and 
conductivity change of the human tissues has been well investigated. It, 
therefore, shows enormous potential in the in-vitro cellular characterisation, 
where samples have the same electrical properties as in-vivo human tissues. 
Since conventional biological imaging techniques are mainly optimised for the 
monolayer cell culture, their performance is limited when processing the dense, 
highly scattering tissues, which can better mimic the in vivo situation than 2D 
cultured cells. Utilising EIT as a novel method to monitor these 3D samples 
may help to overcome the difficulties and improve the temporal resolution of 
the data. This thesis aims to evaluate the feasibility of miniature EIT for 3D 
sample imaging and improve its performance for real-time 3D tissue culture 
monitoring. Phantom studies were first carried out to evaluate the challenges 
of EIT imaging when performing in the sensors in the millimetre scale. Different 
imaging settings, including imaging modality and measuring frequency, were 
compared, and a combined regularisation method is proposed to improve the 
image quality. Besides, a physical model for 3D biological tissue was 
developed to estimate its equivalent conductivity through the electrical 
properties and volume fraction of cells. The spatial resolution of EIT for tissue 
culture imaging was examined based on the model. In addition, the protocols 
of time-difference and frequency-difference EIT for 3D tissue culture 
monitoring in tightly packed spheroids and sparsely distributed bioscaffolds 
have been developed and verified through the experiments utilising MCF-7 
breast cancer cells. Moreover, equivalent circuit models were developed for 
the EIT measurement, and a joint simulation method combining the finite-
 
ii 
element model and equivalent circuit analysis was developed to analyse the 
measurement error in frequency-difference EIT. Finally, a calibration method 
was developed to eliminate the circuitry errors in frequency-difference EIT so 
that it can be applied for the long-term monitoring in biological applications. 
In summary, this thesis presents the research works on improving the 
robustness of miniature EIT to the measuring noise and the background 
disturbance through the optimization of experimental protocols, measuring 
methods and imaging settings. It shows the potential to be applied in biological 
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Chapter 1  Introduction 
1.1 Background and motivation 
3D cell culture is a technique that allows biological cells to grow and interact 
with the surroundings in three dimensions. Compared with 2D cell culture, 3D 
cell culture better mimics the behaviour of cells growing in the natural 
environment and provides more accurate results for cellular assays [1, 2].  
However, most of the existing techniques are mainly optimised for 2D cell 
culture monitoring and they have limitations when adapting for 3D tissue 
characterisations [3]. Confocal and fluorescence microscopy are popular 
methods for 2D cell culture characterisations, but they are limited to a 
penetration depth of few micrometres and therefore not suitable to measure 
the dense, highly scattering tissues [1]. Alternatively, dye conversion assays, 
such as MTT assay, are frequently used in biological experiments to evaluate 
the cell viability, but it is unknown if the reagents used in the assays can 
penetrate to the centre of the 3D model [4]. Scanning electron microscopy 
(SEM) and Transmission electron microscopy (TEM) can be used to evaluate 
large 3D tissues, but they require frozen and fixed samples, so they are only 
suitable for destructive endpoint studies [5]. Therefore, new measurement 
techniques are urgently needed to fulfil the requirements of 3D cell culture 
monitoring, from the perspective of high-penetration, non-destruction and high 
temporal resolution.  
Impedance-based cellular assays are emerging techniques that can assess 
the quality of engineered tissue and cell-based products [6, 7]. They are 
defined as a range of methods using microelectrodes to measure the 
impedance of biological systems to gain information on the cellular behaviour 
of adherent cell cultures, cell suspensions and 3D tissue models. With the 
advantages of non-destructive and label-free, impedance-based cellular 
assays are gradually used in 3D cellular studies, especially for live cell analysis 
[8, 9] and long-time live-cell monitoring [10, 11]. Existing impedance-based 
techniques for cellular assays include trans-epithelial electrical resistance 
Electrical impedance tomography for real-time 3D tissue culture monitoring 
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(TEER), electrical impedance spectroscopy (EIS), electric cell-substrate 
impedance sensing (ECIS) and electrical impedance tomography (EIT). 
First developed in 1978 [12], EIT is a tomographic imaging modality to visualise 
the conductivity distribution or variation within the sensing area [13, 14]. The 
basic working principle of EIT is to apply electric currents to selected 
electrodes successively and to measure corresponding boundary voltages at 
other electrode pairs. The current stimulation and voltage acquisition are 
carried out until all the non-redundant electrode combinations are deployed. 
The conductivity distribution or variation can be then obtained from the 
complete boundary voltage set by solving the inverse problem [15]. Compared 
with other impedance-based techniques, EIT has a higher spatial resolution 
but still maintains the high temporal resolution for the measurements.  
Previous studies attempted to utilised EIT in the in-vitro experiments [16, 17] 
and found the following challenges before EIT can be applied for practical 
biological applications:  
• Compared with the conventional EIT applications, cellular activities 
during cell culture result in relatively small perturbations on the 
boundary voltages, so the measurement noises may overwhelm the 
signal.  
• The feasibility of EIT for long-term real-time monitoring needs to be 
investigated.  
• The theoretical explanation of the correlation between the conductivity 
images and the biomedical scenarios remains a gap.  
• Cross-validation experiments should be performed to evaluate the 
accuracy of EIT images. 
1.2 Aims and objectives 
This thesis mainly focuses on exploring and developing the EIT technique for 
biological applications, with emphasis on the monitoring of 3D tissue culture. 
Precisely, it aims to exploit time-difference and frequency-difference EIT to 
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develop adaptable, reliable and reproducible protocols and image 
reconstruction methods for real-time in-vitro monitoring of cell growth and cell 
viability during cell culture in spheroids and in extracellular matrices. To 
accomplish the main target, the following objectives are identified: 
• Demonstrate the feasibility of time-difference and frequency-difference 
EIT for 3D tissue characterisation in miniature scale and investigate the 
optimal settings of miniature EIT for different biological applications. 
• Develop physical models to demonstrate the correlation between the 
physical characteristics of the tissue samples and their conductivity 
distribution and variation. 
• Conduct numerical and experimental studies on the real-time 
monitoring of 3D cell drug response, from the perspective of the position, 
shape, concentration and viability of the samples. 
• Develop equivalent circuit models to analyse the measurement errors 
in miniature EIT measurements and investigate an error compensation 
method for frequency-difference EIT. 
• Exploit frequency-difference EIT for long-term tissue culture monitoring 
utilising the error compensation method. 
1.3 Main contributions 
This thesis provides pioneering research on the development and optimisation 
of EIT for 3D tissue culture monitoring. The main contributions of this thesis 
are summarised as follows: 
• The feasibility of miniature EIT for 3D biological tissue imaging was 
investigated by comparing the reconstructed images with EIS data. 
Challenges in the miniature EIT experiments were identified. A sub-
domain-based reconstruction algorithm was developed to improve the 
image quality reconstructed from poor measurement signals in order to 
find the best imaging modality and stimulating frequency. 
• A 3D physical model for biological tissues was developed to 
demonstrate the relationship between the biological characteristics of 
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the sample with its conductivity distribution. The model is adaptive from 
tightly packed spheroids to sparsely distributed scaffold samples. It is 
designed for the process analysis of cell growth and cell-drug response. 
• The protocols of EIT for real-time cellular assay was developed and 
optimised for the monitoring of cell growth and cell-drug response in 
spheroids and bioscaffolds. It includes the formation of spheroid 
samples, microporous scaffold samples and hydrogel samples, the 
measurement procedures and the data processing methods. 
• An equivalent circuit model was designed for the error analysis of the 
miniature EIT measurements. Based on the model, a novel calibration 
method was derived to eliminate the measurement errors in frequency-
difference EIT and to exploit the application of frequency-difference EIT 
in long-term tissue culture monitoring. 
• A joint simulation method was developed to analyse the effect of 
circuitry errors to the EIT measurements. This method combined the 
FEM modelling and analogue circuit simulation. An impedance network 
was developed for the miniature EIT sensor so that it can be analysed 
through the analogue circuit simulation with fully adjustable circuitry 
errors on each component. 
 
1.4 Structure of the thesis 
The thesis is composed of seven chapters and the remaining part is structured 
as follows: 
Chapter 2 provides an overview of the techniques used in biology to measure 
impedance. The theory and history of impedance based cellular assays have 
been introduced. Details discussions include EIT measurements, 
mathematical problem definition of EIT, image reconstruction algorithms and 
the settings of miniature EIT for biological applications. 
Chapter 3 evaluates the feasibility of EIT for 3D tissue image reconstruction. 
An initial proof-of-concept experiment is performed to demonstrate the 
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relationship between image quality and imaging modalities, stimulation 
frequencies and reconstruction algorithms. The reconstructed images are 
compared with the true conductivity spectra of the samples to indicate the 
optimal imaging settings. 
Chapter 4 introduces a real-time, label-free and non-destructive method for 
transient cellular activities using time-difference EIT. An effective medium 
approximation model is developed to calculate the cell concentration and cell 
viability of a 3D biological tissue based on its equivalent conductivity. 
Simulations and experiments with MCF-7 tumour spheroids are conducted to 
validate this method for cell-drug response monitoring.  
Chapter 5 investigates the potential of EIT for tissue engineering applications, 
where cells are sparsely distributed in stereoscopic space. Two types of 
bioscaffolds are formed and cultured in the miniature EIT sensor, where time-
difference EIT and frequency-difference EIT are used to monitor the cell 
distribution and the conductivity variation during chemical insult. The 
advantages and limitations of both methods are discussed by analysing the 
experimental results. 
Chapter 6 demonstrates the method for long-term tissue culture monitoring 
using frequency-difference EIT. An equivalent circuit model is developed to 
analyse the impedance artefacts in EIT measurements. The calibration 
method to eliminate the impedance artefacts has been derived to improve the 
accuracy of the measured voltage variation. A joint simulation method utilising 
COMSOL Multiphysics and circuit simulation software is developed to 
investigate the effect of measurement errors on the boundary voltages. The 
joint simulation method and practical experiments are then used to evaluate 
the performance of the calibration method. 
Chapter 7 summaries the main finding of this thesis and discusses the 
limitation of the research. The potential work for the future is also discussed 
based on the novel developments produced in the thesis. 
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Chapter 2  Literature review 
2.1 Introduction 
Bioimpedance is defined as the basic electrical properties of biological cells 
with regard to the flow of current. Developed in the 1920s, impedance 
measurement of live biological cells [18] is widely accepted as a label-free, 
non-invasive and quantitative analytical method to assess cell status. In this 
chapter, the foundation and development of impedance measurement for live 
cell analysis were reviewed. As an emerging technique, electrical impedance 
tomography (EIT) was comprehensively introduced from the perspective of the 
principles of measurement, the mathematical calculation and the 
instrumentation for biological applications. 
2.2 The foundation of impedance measurement for biological 
analysis 
2.2.1 Electrical properties of a biological cell 
The biological cell is a complex heterogeneous entity that contains the plasma 
membrane, the nucleus and the cytoplasm. The plasma membrane is mainly 
composed of the lipid bilayer with low ionic permeability, so it can be 
considered as a low conducting thin shell. If we neglect the dielectric properties 
of the nucleus, and we consider the cytoplasm as a homogenous conductive 
material, the cell can be modelled as a conducting sphere covered with an 
isolating thin layer, which is called the single-shell model (Figure 2-1) [19].  
 
Figure 2-1 The single shell model of a biological cell. 
*
m  and 
*
c  are the complex 
permittivity of the membrane and the cytoplasm, while r is the radius of the cell. 
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When measuring the complex permittivity spectrum of the biological cell, three 
distinct dispersions can be observed, named α-dispersion, β-dispersion and γ-
dispersion (Figure 2-2). The α-dispersion correlates with the gap junctions and 
the displacement of counter ions surrounding charged membranes [20, 21]. It 
ranges between few hertz to several thousand hertz, where the small particles 
in the extracellular medium start to polarise in the electric field. The β-
dispersion is attributed to the interfacial polarisation of the plasma membrane 
[22, 23]. The frequency range of the β-dispersion is between 10 kHz and 
several hundred kHz. The dipolar γ-dispersion is contributed by the 
reorientation of large molecules, such as proteins and water molecules, and it 
happens at 1 GHz and above [21].  
 
Figure 2-2 Complex permittivity spectrum of the biological cells [24] 
2.2.2 Bioimpedance of the tissue sample 
Due to the interfacial polarisation, the electric responses of tissue samples 
depend on the biological cells, extracellular medium and the stimulating 
frequency [24-26]. The equivalent circuit of a tissue sample should be 
modelled by at least three components (Figure 2-3) [13]. The extracellular 
medium is represented as a resistor eR  and the cytoplasm and the cell 
membranes are modelled by the series of a resistor iR  and a capacitor iC . 
The resulting impedance of the whole tissue sample is: 
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where j  is the imaginary symbol and   is the frequency. 
 
Figure 2-3 The simplest equivalent circuit model of the tissue sample considering the 
cell membrane, the cytoplasm and the extracellular medium 
At lower frequencies, the equivalent impedance of the cell membrane is 
extremely high, and the current can only flow through the extracellular space 
(Figure 2-4 (a)). Hence, the equivalent impedance of the sample only depends 
on the extracellular medium. At higher frequencies, the current can cross both 
the extracellular medium and the cell membrane (Figure 2-4 (b)), so the 
equivalent impedance depends on the impedance of the extracellular medium 
and the electrical properties of the cells. 
 
Figure 2-4 The current flow through the tissue sample at (a) low and (b) high 
frequencies 
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2.2.3 Impedance measurement strategies for the tissue samples 
Bioimpedance can be obtained by injecting a current to the sample and 
measuring the corresponding voltages. The measurement is usually carried 
out with either the two-electrode or four-electrode measurement strategy.  
In the two-electrode measurement strategy, the current injection and the 
voltage measurement are carried out from the same pair of electrodes. As 
demonstrated in Figure 2-5, the current is stimulated from ELE1 to ELE2 while 
the voltage is measured from the same electrodes. This strategy can be simply 
implemented and its most sensitive region can be adjusted by modifying the 
size of the electrodes [27-29]. Therefore, it is widely used in electric cell-
substrate impedance sensing (ECIS) where the effects of cells growing on the 
electrodes are the focus of most concern [30-32]. However, recent studies 
have found that the impedances of the samples measured with the two-
electrode measurement strategy are usually not accurate as it intrinsically 
includes the contact impedances 1cZ  and 2cZ  between the electrodes and the 
sample [33]. The measured impedance is equal to the sum of the impedance 
of the sample and the contact impedances (Eq. (2-2)). When the impedance 
of the sample is small, the measurement error is largely due to the presence 






Z Z Z Z
I
= + +  
2-2 
This problem was encountered and solved for the first time in 1915 by Frank 
Wenner [34], who first proposed the four-electrode measurement strategy for 
minimising the contributions caused by the wiring and the contacts. With this 
method, the current is injected from ELE1 to ELE2, and the voltage drop on 
the sample is measured from ELE 3 and ELE4 [35-38]. In the ideal situation, 
the voltmeter can be considered as open circuit, so the voltage drop at contact 
impedances 3cZ  and 4cZ  is zero, and the measured voltage is the same as the 
voltage applied on the sample. Therefore, the four-electrode measurement 
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strategy is more popular in recent studies, and it is applied in the applications 
of EIS [39, 40] and EIT [41, 42] to measure biological cells and tissues. 
 
Figure 2-5 Equivalent circuit for the impedance measurement of the tissue sample. Re, 
Ri, Ci and Zc1 – Zc4 are the impedance of extracellular medium, the impedance of 
cytoplasm, the capacitance of the cell membranes and the contact impedances at 
ELE1-ELE4, respectively. 
2.3 The development of impedance technology 
2.3.1 Electrical impedance spectroscopy 
In 1925, Fricke and Morse conducted the first experiment to measure the 
electric resistance and capacitance of red blood cells [18], where an alternative 
method for biological analysis was developed. At the early stages, electrical 
impedance spectroscopy (EIS) was mainly used in the non-invasive analysis 
of cell characteristics from the cell suspension measurements [43, 44]. Its 
accuracy was improved following the observation of the distinct dispersion 
phases in the impedance spectra of biological tissues [45]. These studies were 
finally summarised into the effective medium approximation theories, such as 
the Maxwell-Wagner-Hanai, to estimate physical characteristics of the cell 
suspensions from their dielectric parameters [19, 46]. The theories facilitated 
EIS to be applied in biological productions, such as in the monitoring of 
biomass in the fermentation tank and large bioreactor [47-49]. With the 
Electrical impedance tomography for real-time 3D tissue culture monitoring 
Literature review 11 
development of microelectrodes, the applications of EIS has branched out into 
single-cell characterisation [50, 51] and 3D cell culture evaluation [8]. It has 
been shown to detect the cell cytotoxicity in spheroids [52, 53] and in 
bioscaffolds [9]. One of the most significant limitations of EIS is it only provide 
a lumped impedance value for the entire sample instead of the conductivity 
distribution in a different area [40]. As a consequence, not only the conductivity 
changes of the samples but also the contact impedance, background changes 
as well as the deformation of the sample affects the measurement, which make 
the experiment unrepeatable. 
2.3.2 Electric cell-substrate impedance sensing 
The impedance spectra measured by EIS are contributed by both the 
biological cells and culture medium. The electric characteristics of the cells are 
easily overwhelmed by the contribution of culture medium for the low cell-to-
media volume ratio. In the 1980s, Giaever and Keese developed a novel 
method, named electric cell-substrate impedance sensing (ECIS), to reduce 
the contribution of the culture medium and increase the sensitivity to the cell 
activities [54, 55]. ECIS is a real-time and label-free monitoring technology in 
which a small alternating current (AC) is applied through gold microelectrodes 
[7]. Based on Maxwell’s theory [28], ECIS uses a very small working electrode 
and a large counter electrode to provide high sensitivity to the impedance 
changes surrounding the working electrode (Figure 2-6). As a consequence, 
ECIS is only optimised for the monitoring of adherent cells growing on top of 
the working electrode and it is not suitable for the monitoring of large cell 
aggregates. Compared with EIS, ECIS focuses more on the single-cell 
characterisation and the communication in-between neighbouring cells. Yet, it 
has been extensively used for a wide range of biological assays including cell 
membrane integrity [56], cell barrier function [55, 57], cell proliferation [58-60], 
cytotoxicity [61-63], wound healing [64-66], cell signalling [67, 68] and cell 
invasion [69]. 
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Figure 2-6 Schematic showing the principles of EICS and the design of the ECIS 
sensor 
2.3.3 Electrical impedance tomography 
Electrical impedance tomography was first developed in 1978 [12] and was 
mainly focused on clinical and industrial applications. The main advantage of 
EIT is that it provides the conductivity distribution instead of a lumped 
impedance value for the sensing area [40], so it can separate the impedance 
changes of the background from the contribution of the region of interest. 
Thorax imaging was one of the most popular EIT applications in the 1980s and 
1990s. By measuring the conductivity contrast between air and human tissues, 
EIT can provide images of cardiac and respiratory changes [70, 71], blood flow 
[72] as well as tumour localisation [73]. In the 2000s, the combination of multi-
frequency EIT measurement improved the spatial resolution and enriched the 
information containing in the reconstructed images. EIT was then proved to be 
a potential technique for functional brain imaging and studies were then carried 
out to analyse the relationship between the real-time conductivity changes with 
the brain dynamics [74], neural activities [75, 76] and brain diseases such as 
stroke [77, 78] and epilepsy [79, 80]. Other applications were also developed 
for the measurement of blood pressure [81] and breast cancer [82, 83]. EIT 
was first applied for biological applications in 2006, where Linderholm et al. 
tried to monitor the migration of human epithelial stem cells. The spatial 
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mapping of the electrical properties of Physarum polycephalum, a saline mould 
growing on agar gel, was demonstrated by Sun et al. [84]. Dynamic studies, 
including cell freezing [16] and cell sedimentation [85], were also reported in 
recent years. With the development of microelectronics, several designs of 
miniature EIT sensors for 3D tissue imaging were developed in the latest 
studies. Liu et al. developed and optimised an electrode array for the better 
imaging of miniature objects in the cubical sensor [86, 87]. In 2016, the gold 
plated electrodes were implemented on the substrate of the tissue culture dish 
by Yang et al. [88]. Yet, the investigation of miniature EIT is still at the very 
beginning stage, where researches are mainly focused on the development 
and optimization of miniature sensor arrays. This study aims to take a step 
further, investigating and developing protocols for EIT to demonstrate the real-
time cellular activities during 3D cell culture.  
2.4 The principles of electrical impedance tomography 
2.4.1 EIT measurement 
The measurement of EIT is developed based on the four-electrode 
measurement strategy. To calculate the conductivity distribution within the 
sensing area, both the injected current to a set of electrode pairs and the 
developed voltages on the other electrode pairs are required. As illustrated in 
Figure 2-7, the electrodes are commonly distributed on the boundary   of 
the sensing area  . With the most common method, the adjacent drive 
method [15], the current is applied through an adjacent electrode pair, and the 
voltages are measured sequentially from all other adjacent electrode pairs 
without the pairs containing one or both the stimulating electrodes.  
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Figure 2-7 Schematic illustration of EIT’s adjacent drive measurement principle 
2.4.2 EIT imaging modalities 
EIT imaging modalities can be differentiated by the combination of data, 
including time-difference imaging and frequency-difference imaging.  
2.4.2.1 Time-difference imaging 
In the time-difference EIT (TDEIT), the current with a single frequency is 
injected into the sensor, and the measurements acquired at 1t  are referred to 
the measurements acquired at reference time 0t : 
1 0t t
V V V = −  2-3 
This method allows the imaging of time-dependent variation of local 
conductivity. One of the significant advantages of TDEIT is it can eliminate the 
effect of instrumentation errors and unknown contact impedance between the 
electrodes and the background solution.  
2.4.2.2 Frequency-difference imaging 
In the frequency-difference EIT (FDEIT), measurements acquired at 1f , are 
referred to the reference frequency 0f : 
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1 0f f
V V V = −  2-4 
This method suppresses the contribution of frequency-independent materials 
and the modelling error, so it can be used for biological applications where the 
conductivities of materials are usually frequency-dependent [89]. Compared 
with TDEIT, FDEIT is more feasible, especially when stable time reference is 
not available. 
After acquiring the boundary voltage vectors through EIT measurement, the 
reconstruction of conductivity distribution within the sensing area is carried out 
by solving the forward problem and inverse problem presented in Section 2.4.3 
and Section 2.4.4, respectively. 
2.4.3 The forward problem 
The forward problem of EIT consists of finding the potential  u  from the 
knowledge of the complex conductivity distribution  . The main purpose of 
solving the forward problem is to calculate the sensitivity of the boundary 
measurement to the conductivity changes at different positions within the 
sensing area  .This problem can be solved numerically by the finite element 
method [90], where the conductivity and potential  are approximated to the 
same value within each pixel. 
2.4.3.1 Maxwell’s equations 
Once an accurate sensor model is created, the physical conditions imposed at 
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where   is the charge density, J  is the current density, 0  is the electric 
constant and 0  is the magnetic constant.  
By assuming a low-frequency current stimulation [92], the change of the 
magnetic field /B t   is considered negligible so that Eq. (2-6) becomes 
= 0E  and =E u− , where u  is the electric potential. Therefore, taking the 
divergence of Eq. (2-8) and using Eq. (2-5) gives the Laplacian equation: 
( ) = 0u   2-9 
For the finite element method, a weak formulation is required [93]. Multiplying 
Eq. (2-9) by any test function v  and integrating over the whole domain   
gives: 
( ) = 0v u

   2-10 
therefore  
( ) = 
u
n





    2-11 
which is the weak formulation of the Laplace equation [94]. 
2.4.3.2 Electrode model 
The Dirichlet boundary condition and the Neumann boundary condition are 
commonly used with the Laplacian equation (Eq. (2-9)) to match the EIT 
experiment setup, which is also known as the complete electrode model (CEM) 
[95, 96]. In CEM, the contact impedance lz  between the electrode and the 
sensing domain is assumed to be a constant, so the boundary voltage lV  is 
composed of the potential on the electrode and the voltage drop produced by 
the contact impedance. 
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 ( 1, 2, ...,l L= ) 2-12 
where L  is the number of the electrode 
lE  on the surface   and n  is normal 
to the boundary  . 
The current through the electrode equals the total current density on the 



















 (The rest of the surface) 2-14 
where lI  is the stimulation current on the electrode. 
Based on Kirchhoff’s law, the current injected to the sensing area and the 
















=  2-16 
The existence and uniqueness of the model have been proved by Somersalo 
et al. [97]. 
Assuming the contact impedance is constant at each electrode, the 















   −   2-17 
Choosing v u= yields: 
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2.4.3.3 Sensitivity matrix 
The sensitivity matrix, which is also called the Jacobian matrix, defines the 
relationship between the conductivity change of the thk  pixel and the change 











where the thi   and 
thj  electrode pairs are selected as the current stimulation 
and voltage measurement, respectively. 
Assuming small disturbances   → +  and the corresponding 
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    2-20 
when the second-order terms are ignored. 
Using the weak formulation Eq. (2-11) with v u=  gives: 
 = u u u
u
n




    2-21 













Finally, the combination of (Eq. (2-20)), (Eq. (2-21)), (Eq. (2-22)) gives the 
power perturbation formula: 
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=    2-23 
In order to find the voltage disturbance ,i jV  in a specific measurement, Eq. 
(2-23) is solved by calculating ( ) ( )i ju I u I+  and ( ) ( )i ju I u I− , where ( )iu I  is 
the field generated by applying current I  on the thi  electrode pair and ( )ju I  
is the field generated by applying current I  on the thj  electrode pair. 
Applying Eq. (2-23) to ( ) ( )i ju I u I+  and ( ) ( )i ju I u I− , and subtracting them 
from each other gives the sensitivity matrix for EIT measurement: 
,










2.4.4 The inverse problem 
The EIT image reconstruction attempts to inverse the forward problem to 
estimate the conductivity distribution from the boundary voltage vectors and 
the sensitivity matrix: 
†J V =   2-25 
However, the solution of Eq. (2-25) does not exist, because J  is mostly not 
invertible. The solution to this problem becomes to minimise the difference 










 =  −  2-26 
The solution to the least-square problem Eq. (2-26) can be written as: 
1ˆ ( )T TJ J J V − =   2-27 
Since the inversion of TJ J  is highly ill-posed, a small noise in the boundary 
voltage vectors may cause significant error in the estimated conductivity 
distribution. In order to mitigate the ill-posedness, regularisation-based 
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reconstruction algorithms are commonly used in image reconstruction. The 
regularisation introduces information about the solution, commonly called prior 








   

 =  −   2-28 
where   is the regularisation parameter, which controls the weight between 
two terms and ( )R   is the regularisation term. 
Some of the most popular EIT image reconstruction algorithms have been well 
summarised in recent literature reviews [98-100]. Below, a brief review of the 
image reconstruction algorithms related to this thesis is provided.  
2.4.4.1 One-step Tikhonov regularisation 
Tikhonov regularisation is one of the most commonly used methods for image 
reconstruction in EIT. The incorporation of the regularisation term is based on 
the knowledge that the noise is dominated by high-frequency components with 
large amplitudes. By controlling the norm of the conductivity distribution, it can 








   

 
 =  − +  
 
 2-29 
By taking the derivative of Eq. (2-29) and let it to zero, the solution is: 
1ˆ ( )T TJ J I J V  − = +   2-30 
where I  is the identity matrix, which has the same dimension with TJ J . 
This method can be improved by introducing the Laplacian of Gaussian (LoG) 
filter to the additional term to reduce the fringe effect in the reconstructed 
image: 
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   

 
 =  − +  
 
 2-31 
where L  is the four-connected region second-order Laplacian operator matrix 
[102]. 
Its solution is therefore calculated as: 
1ˆ ( )T T TJ J L L J V  − = +   2-32 
2.4.4.2 Non-linear iterative algorithms 
Non-linear iterative algorithms propose to iteratively search the global 
minimum of the objective function Eq. (2-28). At each step, the estimated 
conductivity distribution is updated to reduce the residual of the objective 
function until it meets the criteria. The commonly used iterative algorithms 
include l1 regularisation [103, 104] and total variation (TV) regularisation [105].  
l1 regularisation is based on the knowledge that the conductivity distribution is 
sparse, which means most of the elements are zero [106]. This prior 
knowledge can be utilised to emphasise the non-zero conductivity variation 
and suppress the small noise in the estimated results. In EIT image 









   

 =  − +   2-33 
This equation can be solved by several well-investigated methods, such as 
basis pursuit denoise [107] and the least absolute selection and shrinkage 
operator [108]. 
TV regularisation is another regularisation algorithm that is widely used in EIT 
image reconstruction [105, 109, 110]. It is based on the knowledge that 
conductivity distribution with unexpected noise has high total variation, 
reflected in the high integration of the absolute gradient. Therefore, reducing 
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the total variation of the estimated conductivity distribution, which subjects to 
the original objective function, reduces the unwanted noise while maintaining 
the other information in the images, such as the edge. This is achieved by 
introducing the integral of the absolute gradient of the conductivity distribution 
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 =  − +   2-34 
where 
TV
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where ( , )x y  is the coordinate of the selected pixel, while 
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where hn  and vn  are the number of pixels in each line and row, respectively. 
The TV regularisation is usually solved by the gradient-based recovery method 
[111, 112] and the split Bregman method [113]. 
2.4.4.3 Combined regularisation algorithms 
In recent studies, combined regularisation algorithms which utilise multiple 
prior knowledge in image reconstruction have been developed. Compared with 
the single regularisation algorithms, the combined regularisation algorithms 
can better demonstrate all the features in the true images by introducing 
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   
 =
 =  −   2-38 
where ( )iR   and i  are the 
thi  regularisation term and regularisation 
parameter, respectively. 
One type of combined regularisation algorithms apply multiple regularisation 
terms globally and adjusts the contribution of different terms by tuning the 
regularisation parameters [114]. For example, He et al. [115] combined the 
Tikhonov and NOSER regularisation to improve the accuracy of EIT in 3D 
open-field image reconstruction: 
1
1 2
ˆ ( ( ))T T TJ J I diag J J J V   − = + +   2-39 
The other type of combined regularisation algorithms separates the imaging 
region into sub-domains through prior knowledge and applies different 
regularisation terms to constrain the solution in the selected regions. Kang et 
al. [116] developed a sub-domain-based regularisation (SR) method for human 
thorax imaging. With the thorax structure obtained from the CT image, the 
regularisation matrix can be modified anisotropically to include sub-domains 
as prior information: 
1
1 1 2 2 3 3
ˆ ( ( ))T TJ J J V    − = +  +  +    2-40 
where 1 , 2  and 3  only contains the prior knowledge for the corresponding 
regions 1 , 2  and 3 . If the 
thj  pixel locates at the surface of i , the 
thj  row 
of the regularisation term ,i j  can be formulated as: 
, [0,...,0, 1,0,...,0, 1,0,...,0,2,0,...,0]i j = − −  2-41 
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where 2 locates at the thj  column and -1 locate at the columns for the adjacent 
pixels within 
i . 
If the thj  pixel locates inside the i , the 
thj  row of the regularisation term ,i j  
is the same as the LoG regularisation: 
, [0,...,0, 1,0,...,0, 1,0,...,0,3,0,...,0 1,0,...,0]i j = − − −，  2-42 
Otherwise: 
, [0,...,0]i j =  2-43 
These methods reduce the effect of background disturbance to the 
conductivity variation in the region of interest (RoI), and it is also helpful in 
resolving the local characteristics. 
2.5 Sensors and instrumentation for tissue culture imaging 
An EIT imaging system for biological imaging is mainly composed of three 
parts: a miniature sensing unit with the size in several millimetre scales, an 
impedance measurement unit for current injection and voltage measurement 
and an image reconstruction unit to process the measurement data [117]. 
Considering the heating effect to cell culture, the injected current from the EIT 
imaging system and the placement of sensing electrodes should be strictly 
controlled [118]. In this thesis, experiments were carried out with the miniature 
EIT sensor [88] and biomedical imaging system [119] developed at the 
University of Edinburgh. 
2.5.1 Miniature EIT sensor 
The miniature EIT sensor was designed based on the structure of the 24-well 
culture dish with 15 mm in diameter and height, respectively. 16 working 
electrodes are evenly distributed at the boundary of the substrate to increase 
the sensitivity to the tissues cultured at the bottom and to avoid the severe 
noise caused by the contact impedance between the electrodes and the tissue 
samples. The length and width of each working electrode are 1.2 mm and 0.6 
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mm, respectively. A 0.4 mm ground electrode is integrated into the middle of 
the substrate to reduce the DC drift of the measurement caused by the highly 
conductive cell culture medium [88, 120]. The sensor was manufactured on a 
printed circuit board. All the electrodes were plated with gold, and the chamber 
of the sensor was made of quartz glass to prevent corrosion during the 
experiments. 
 
Figure 2-8 Schematic illustration of the miniature EIT sensor 
2.5.2 Multi-frequency EIT system with image reconstruction software 
The multi-frequency EIT system developed by Yang et al. [121] is an online 
image reconstruction system specified for biological and biomedical 
applications. It mainly consists of four parts: the main box utilised for current 
injection and voltage measurement, a configurable multiplexer array for 
electrode switching, a 2D/3D imaging software for real-time image 
reconstruction and data storage and a medical power supply with safety 
isolation (Figure 2-9). 
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Figure 2-9 Demonstration of the Visual Tomography EIT imaging system 
The main box includes an adjustable multi-frequency current source to 
generate two discrete sinusoidal waveforms with different frequencies from 10 
kHz to 1 MHz and two Analog-to-Digital Converter (ADC) to perform the data 
acquisition simultaneously. The maximum amplitude of the stimulating current 
is 10 mA peak to peak in order to minimise the effect on the tissue samples. 
The configurable multiplexer array is composed of a 32-channel switch array 
board. In the switch array board, there are 32 dual single pole single throw 
switches for current injection switching and two cascaded 8 16  crosspoint 
switch arrays to switch the voltage measuring electrode pairs. The switches 
are controlled by the imaging software based on EIT’s measurement principle 
(Figure 2-7). 
A 2D/3D imaging software, Visual Tomography, is developed for system 
control and data analysis. It includes a control panel to set the sensing mode 
and sensing parameters and a window to show the data or reconstructed 
images for the current measurement. The online image reconstruction is 
performed with a default sensitivity map and the Tikhonov regularisation 
method, which are already programmed in the software. For further analysis 
with different sensitivity matrix or advanced algorithms, the data can be logged 
to the computer in “.txt” format. 
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Figure 2-10 Real-time imaging software: Visual Tomography 
Phantom tests indicate that the maximum signal to noise ratio (SNR) of this 
system is 82.82 dB when operating on a 16-electrode sensor with a temporal 
resolution of more than 100 frames per second (fps). It is, therefore, suitable 
to be applied in the biological applications to monitor the small conductivity 
perturbation induced by the transient activities of the biological tissues. 
2.6 Summary 
This chapter briefly reviewed the theory of bioimpedance measurement and 
the state-of-the-art impedance techniques for monolayer cellular assays. 
Considered the limitation of other impedance techniques for 3D tissue 
characterisation and the advantages of EIT, the need to apply EIT for 3D tissue 
culture monitoring was highlighted. An overview of the instrumentations for EIT 
measurement, the measurement schemes as well as the image reconstruction 
algorithms were then introduced to enable the selection of suitable methods 
for my study. The innovative work and scientific contributions of the thesis will 
be presented extensively in the following chapters. 
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Chapter 3  Miniature EIT for 3D tissue characterisation 
3.1 Introduction 
Electrical impedance tomography has been widely used in macro tank 
experiments [77, 122, 123]. It is a convincing technique to separate the 
biological tissue samples from the background and estimate the electrical 
properties of the samples [124]. For the purpose of measuring small biological 
samples, the sizes of the EIT sensors have been reduced to millimetre scale 
in recent studies [86, 125, 126]. However, most of these sensors were only 
tested under a single frequency to confirm their ability to show the correct 
position of the samples. The feasibility of miniature EIT sensors for 3D 
engineered biological tissue characterisation has not been investigated yet. 
Compared with the experiments in macro tanks with hundreds millimetre 
diameter, tissue characterisation in miniature EIT sensor is more challenging 
due to the limitation of current amplitude and electrode size as well as the 
effect of high background conductivity and contact impedance [127-129].    
This chapter presented a feasibility study of EIT for biological tissue 
characterisation and image reconstruction. Tissue samples with known 
conductivity spectra were introduced to the miniature EIT sensor to evaluate 
the performance of EIT imaging with different measurement modalities, 
stimulation frequencies and reconstruction algorithms. An improvement has 
been made to the sub-domain-based regularisation algorithm to increase the 
accuracy of the sub-domain segmentation. The analysis of the results focused 
on the image quality and the accuracy of the tissue conductivity in the 
reconstructed images. The optimal settings of EIT for miniature imaging and 
the methods to reduce the measuring errors were concluded. 
3.2 Methods 
3.2.1 Impedance spectroscopy of biological tissues 
The electrical properties of tissues samples were measured by EIS using the 
four-electrode strategy [29]. As shown in Figure 3-1, the samples were cut into 
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cylinders with 10 mm and 40 mm in radius and length, respectively. A pair of 
rectangular stainless-steel electrodes were attached to both sides of the 
samples as the current stimulation electrodes. The needle-type electrodes 
were inserted into the samples with a 20mm distance to measure the voltage 
between the equipotential surfaces [130]. Measurements were carried out with 
impedance analyser Keysight E4990A, and the frequency range was set 
between 1 kHz and 500 kHz. The measured complex impedance is expressed 
as: 
'+ "Z Z jZ=  3-1 
where 'Z  and "Z  are the real and imaginary parts of the impedance, 
respectively. 
The complex conductivity of the sample   was calculated from complex 
impedance data using the following expression [131]: 



















where   is the phase, '  is the real part, ''  is the imaginary part, l  is the 
distance between two equipotential surfaces and A  is the cross-section area. 
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Figure 3-1 The conductivity measurement (a) schematic diagram as well as the 
experimental setup for (b) carrot tissue measurement and (c) potato tissue 
measurement 
3.2.2 Sensor optimisation 
In order to reduce the impedance artefacts in the EIT measurement, the 
accordion was applied to balance the track impedance between different 
channels. Figure 3-2 shows two designs of miniature EIT sensor with the same 
electrode pattern. In the design without the accordion, the trace length was 
mainly determined by the distance between the socket and the electrode, so 
the track impedance varied between channels. The accordion minimised the 
difference in trace length among all 16 channels and resulted in a more 
identical track impedance (Figure 3-3). 
 
Figure 3-2 Miniature EIT sensor (a) without and (b) with accordion 
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Figure 3-3 The track impedance of each measurement channels on the sensor 
3.2.3 Impedance measurements in the miniature EIT sensor 
The phantom experiments were carried out with both the miniature EIT sensor 
demonstrated in Section 2.5.1 and tissue samples with known electrical 
properties to evaluate the performance of EIT for miniature tissue sample 
monitoring. The carrot and potato were prepared into small cylindrical samples 
with 4 mm and 7 mm in diameter and height, respectively (Figure 3-4(a)). Salt 
was added to the tap water to prepare the saline with a conductivity of 0.1 S/m, 
which was used as a background reference in the experiment.  
During the experiments, a 1 mA  current was injected to the sensor using the 
adjacent drive method. The frequencies were acquired in the range between 
10 kHz to 100 kHz with a 10 kHz interval. 1 ml saline was first added to the 
sensor, and the resulting reference voltages were recorded as 1rV  for 10 kHz, 
2rV  for 20 kHz, … , and 10rV  for 100 kHz. The tissue samples were then added 
to the sensor between the electrode 2 to 4 (Figure 3-4(b) (c)). The boundary 
voltages 1 2 10, , ...,V V V  were measured under the same frequencies. In time 
difference imaging, the voltage variation was calculated between the reference 
voltages and the boundary voltages for the samples under the same frequency 
using Eq. (2-3). In frequency-difference imaging, the reference was taken from 
the boundary voltages for the samples at 10 kHz, and the voltage variation was 
calculated between the reference and the boundary voltages for the samples 
at the selected frequency. In order to eliminate the common modelling error, 
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the weighted method was adopted [122]. After the calculation, the voltage 
variation array 1 2[ , , , ]mV V V    was obtained. 
 
Figure 3-4 (a) Experiment phantom with (b) carrot sample and (c) potato sample 
3.2.4 Development of the sensitivity matrix 
In the miniature EIT sensor, the currents are stimulated from the bottom 
electrodes, generating electric fields in the 3D space. If the volume of the 
culture medium is known, Eq. (2-24) can be modified to the 3D version to 
calculate the sensitivity of the voxels below the liquid surface. 
,
= - ( ) ( )
i j










where ( )k iu I  is the real electrical potential at the 
thk  voxel by the injection 
pattern iI  and ( )k ju I  is the fictional electrical potential at the 
thk  voxel if the 
current is stimulated with the pattern jI . 
In this chapter, a cylindrical sensor with 15 mm diameter was developed for 
the sensitivity calculation. Since the introduction of the samples would increase 
the total volume of inclusion in the sensor, the height of the sensing area was 
set to 7 mm (Figure 3-5 (a)). The sensor was separated by a cuboid mesh 
while the length and width of the voxel were 0.234 mm and the height of the 
voxel was 0.35 mm. Therefore, the sensor was separated into 20 layers with 
3228 voxels in each layer (Figure 3-5 (b)). Considered that the samples were 
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mainly distributed at the bottom of the sensor due to the gravity effect, utilising 
the sensitivity matrix at the lower layers can better demonstrate the horizontal 
conductivity distribution of the samples. Therefore, the sensitivity matrix at the 
bottom layer was applied for the image reconstruction in this study (Figure 3-5 
(c)). 
 
Figure 3-5 The schematic diagram of (a) sensor model, (b) mesh for inverse problem 
calculation and (c) the sensitivity matrix of opposite impedance measurement 
3.2.5 Spectra sub-domain-based regularisation 
Images in this chapter were reconstructed with the sub-domain based 
combined regularisation method. To obtain the structural information, the 
thresholding method was applied to segment the imaging area into the region 
of interest (RoI) and the background area. Since the image quality with this 
method highly depended on the accuracy of the sub-domain, the 
measurements at all frequencies were utilised for the sub-domain 
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segmentation, named the spectra sub-domain-based regularisation method 
(SSR). 
The blurred images for conductivity variation spectra were first reconstructed 
with the one-step Tikhonov regularisation algorithm, which provides the initial 
information for the location of tissue samples. In each image, the levels of 
conductivity variation in the rough image with N  pixels were sorted in 
ascending order 1 2[ , , ..., ]Ll l l , and it was separated into two groups A and B, 
where group A was from 
1 2[ , , ..., ]kl l l and group B was from 1 2[ , , ..., ]k k Ll l l+ + . 
Since the probability distribution of the 
thi  level ip  is equal to the number of 
pixels at that level in  over the total number of pixels N  (Eq. (3-6)), the 
probability of two groups’ occurrence A  and B  can be represented by Eq. 
(3-7). Then the class mean level, the class variance and the between-class 
variance were provided by Eq. (3-8) to Eq. (3-10), respectively. By maximizing 
the between-class variance [132], the optimal threshold 
*k  was derived to 
separate the area with obvious conductivity change from the area with static 
conductivity. The pixels with obvious conductivity change were defined as the 
RoI of this image with a weighted parameter , 1x yw = , where x  indicated the 
thx  frequency and y  indicated the thy  pixel in the image. The rest of the pixels 
were considered as the background area with a weighted parameter , 0x yw = . 
1
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It was assumed that the tissue samples should have different electrical 
properties with the background solution. Therefore, if a pixel located at the high 
conductivity variation domain at more frequencies, it was more likely to be the 
region of samples. In order to avoid the effect of fringe effect and background 
noise to the selection of the RoI, a filtering method was developed to prevent 
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where ,x yw  is the weight of the 
thy  pixel at the thx  frequency, t  is the threshold 
value, 1  is the RoI and 2  is the background area. If the 
thy  pixel is in the 
RoI of the image at the thx  frequency, ,x yw  is 1. Otherwise, ,x yw  is set to 0. 
The fine image reconstruction with SSR was then carried out with Eq. (3-14). 
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1 1 2 2
-1( ) , 1,2, ,ˆ T Tx xJ J J V for x m   = +  + =  3-14 
where J  is the sensitivity matrix, which demonstrates the sensitivity of EIT 
measurement to the conductivity change at the bottom layer of the sensor at 
Figure 2-8, 1 1 1=
TR R is the Laplacian operator for quadrate pixels located at RoI 
1  and 22 2=
TR R  is the identity operator for pixels located at the background 
2 . 
1, [0,...,0, 1,0,...,0, 1,0,...,0,4,0,...,0, 1,0,...,0, 1,0,...,0]jR = − − − −  3-15 
where 4 is at the thj  column if the thj  pixel locates at RoI 1  and -1 locate at 
the columns for its adjacent pixels. 
2, [0,...,0,1,0,...,0]jR =  3-16 
where 1 is at the thj  column if the thj  pixel locates at RoI 2 . 
The detailed implementation of SSR is demonstrated in Table 3-1.  
 
Table 3-1 Spectra sub-domain-based regularisation method (SSR) 
Input: Voltage variation array 1 2[ , , , ]mV V V   ; threshold value t 
 Step 1: Reconstruct the blurred image 1 2, , , m       for the voltage 
variation array using one-step Tikhonov regularisation. 
 Step 2: Calculate the weighted parameter ,x yw  for 1,2, ,y N=  pixel 
at frequency 1, 2, ,x m= . 
 Step 3: Thresholding the imaging area using Eq. (3-12) and Eq. 
(3-13). 
 Step 4: Reconstruct the fine images 1,2, ,ˆx for x m =，  using Eq. 
(3-14) 
Output: The fine image spectra 1 2[ ], , ,ˆ ˆ ˆm      
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3.2.6 Evaluation of image reconstruction performances 
To quantitatively evaluate the performance of EIT with different modalities, 
stimulation frequencies and reconstruction algorithms, the correlation 
coefficient (CC) and position error  (PE) between the true image and the 
reconstructed conductivity variation are calculated [98, 133].  
Position error describes the difference between the centre of the true object 
0R  and the centre of the reconstructed object rR . PE should be as small as 
possible so that the tissue sample locates closer to its true position. 
0= rPE R R−  3-17 
Correlation coefficient demonstrates the similarity between the true 
conductivity distribution and the reconstructed image, which is calculated with 
the following equation: 
( )( )
1
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3-18 
where ˆ j  and j  denote the reconstructed and true conductivity variation 
in the thj  pixel while ̂  and   are the mean values of ̂  and  , 
respectively. A higher CC means the shape of the reconstructed image is more 
similar to that of the true images. 
3.3 Results 
3.3.1 Conductivity spectra of tissue samples 
Figure 3-6 shows the electrical properties of carrot and potato at different 
frequencies. In general, both the real part of the conductivities of the carrot 
tissues and potato tissues are relatively invariant at frequencies lower than 10 
kHz, and they increase exponentially until 500 kHz. The imaginary part of the 
conductivities starts to grow at 4 kHz in the sigmoid shape, and the abrupt 
change regions for both tissues locate between 10 kHz and 200 kHz. Based 
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on the dispersion theory, the conductivity variations below 10 kHz are mainly 
associated with the diffusion processes of ionic species, and the conductivity 
variations between 10 kHz and 500 kHz are more likely correlated with the 
cellular membrane potential and the displacement of counter ions surrounding 
charged membranes [46]. This means the diffusion processes of ionic species 
only results in the changes in the imaginary part of the conductivities, although 
the variation in the membrane potential affects both the real and imaginary part 
of the conductivities. The magnitude of the complex conductivities increases 
in the exponential shape between 4 kHz and 500 kHz and their changes are 
easier to be observed than both the real and imaginary part. Hence, using the 
complex conductivity not only allows EIT to detect both the diffusion processes 
of ionic species and changes in cellular membrane potential but also 
emphasises the changes of the samples. It can be seen that the conductivity 
of carrot and potato is above 0.1 S/m at 80 kHz and 38 kHz, respectively. 
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Figure 3-6 Electrical properties of carrot and potato, the error bar shows the standard 
variation between samples 
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3.3.2 Comparison of reconstructed images 
Image reconstruction was carried out with the one-step Tikhonov 
regularisation with LoG filter (TLoG) (Eq. (2-32)), sub-domain regularisation 
(SR) (Eq. (2-40)) and the proposed spectra sub-domain-based regularisation 
(SSR)(Eq. (3-14)). The time-difference and frequency-difference images for 
carrot and potato tissue samples are shown in Figure 3-7 to Figure 3-10, 
respectively.  
In Figure 3-7, the images for carrot tissues show the conductivity of the sample 
is lower than that of the background below 50 kHz with TLoG and SR. At 60 
kHz and above, the images are blurry and unexpected anomalies are 
presented in the images. The images reconstructed with SSR correctly 
indicate the conductivity increase of carrot tissue from 10 kHz to 100 kHz, but 
they experience a notable image distortion at 80 kHz and above. 
Figure 3-8 shows the time-difference images for the potato sample in the saline 
solution. Compared with the carrot sample, the potato sample has a higher 
conductivity, and it turns red at 40 kHz and above. Images reconstructed with 
SR and SSR suffer from smaller fringe effect comparing with the images 
reconstructed with TLoG, but they fail to demonstrate the conductivity of potato 
sample at 30 kHz, where the conductivity of the sample is almost the same as 
the background conductivity. The most significant conductivity variation of the 
sample appears at 10 kHz and 100 kHz. 
Figure 3-9 and Figure 3-10 show the frequency-difference images for carrot 
tissue and potato tissue, respectively. The images show the conductivity 
variations of the tissues increase when the frequency rises, and the potato 
tissue sample has a more significant conductivity variation than that of the 
carrot tissue sample. Compared with the time-difference images, the 
frequency-difference images have more homogeneous backgrounds, and the 
deformation of the samples is inconspicuous. It is also noticed that the tissue 
samples reconstructed in the frequency-difference images are closer to the 
centre of the sensor than those in the time-difference images. 
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The images indicate that both tissues are more conductive at higher 
frequencies, and the potato tissues have a more significant conductivity 
change than the carrot tissues. The main reason for the conductivity change 
is the poorly conducting cell membrane, which separates the cytoplasm and 
extracellular fluid [134]. The cell membrane behaves like a capacitor, and it 
takes time to charge the membrane placed in the electric field. The time 
constant of this process is determined by the cell radius, the membrane 
capacitance and the fluid resistivities, so the conductivities of the cells vary in 
different frequencies, and different kinds of cells have respective conductivity 
at the same frequency [45]. 
In order to show the conductivity spectra of tissues in the images, saline 
solution with 0.1 S/m, whose conductivity is almost frequency independent 
within my scope [135], was used as the background in the sensor. Uniform 
colour bars were applied to the images reconstructed at different frequencies 
to better demonstrate the conductivity changes between frequencies. Overall, 
most of the images provide the same results as the conductivity spectra 
measured by the impedance analyser. The key factor determining the image 
quality is the contrast between the conductivity variation of the tissue samples 
and the conductivity of the background solution. In TDEIT, the quality of 
reconstructed images is highly dependent on the conductivity difference 
between the background and the samples. With a frequency-independent 
background, the frequency-different images are more accurate when the 
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Figure 3-7 Time-difference images for carrot tissue reconstructed with (a) one-step Tikhonov regularisation with LoG filter, (b) sub-domain 
regularisation and (c) spectra sub-domain-based regularisation 
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Figure 3-8 Time-difference images for potato tissue reconstructed with (a) one-step Tikhonov regularisation with LoG filter, (b) sub-domain 
regularisation and (c) spectra sub-domain-based regularisation 
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Figure 3-9 Frequency-difference images for carrot tissue reconstructed with (a) one-step Tikhonov regularisation with LoG filter, (b) sub-
domain regularisation and (c) spectra sub-domain-based regularisation 
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Figure 3-10 Frequency-difference images for potato tissue reconstructed with (a) one-step Tikhonov regularisation with LoG filter, (b) sub-
domain regularisation and (c) spectra sub-domain-based regularisation 
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3.3.3 Evaluation of position error 
Figure 3-11 (a) shows the position errors (PEs) of the time-difference images 
for carrot tissue sample against stimulation frequencies. When the stimulating 
frequency is lower than 60 kHz, the PEs maintain at about 1 mm for the image 
with different reconstruction algorithms. The PEs of the images with TLoG and 
SR fluctuate between 70 kHz and 100 kHz, reaching the maximum value at 
5.15 mm and 3.59 mm, respectively. Images with SSR have relatively stable 
PEs within the measuring scope, and the maximum value is 2.17 mm occurring 
at 80 kHz. The PEs below 60 kHz are mainly attributed to the modelling errors 
and the reconstruction errors, so they barely change if the boundary voltage 
variation corresponding to the carrot tissue sample is much larger than the 
measurement noise. At a frequency between 70 kHz and 100 kHz, the 
conductivity of the carrot tissue is similar to that of the background solution, so 
the corresponding voltage changes are small, which are easily overwhelmed 
by the measurement errors. As a consequence, the reconstructed images 
have poor image quality and large PEs. The accurate sub-domain selection of 
the SSR helps to penalise part of the background noise and maintain the 
reconstructed tissue sample at the correct domain, so PE is smaller at the 
critical frequencies. 
The PEs of the time-difference images for potato sample are plotted in Figure 
3-11 (b). For the three selected reconstruction algorithms, the PEs are 
between 1 mm and 2 mm at all frequencies except 30 kHz. Maximum PEs for 
TLoG, SR and SSR are 3.09 mm, 3.71 mm and 2.5 mm, respectively, and they 
all occur at 30 kHz where the conductivity of the potato tissue is almost the 
same as the saline. The TLoG provides relatively small PEs between 40 kHz 
and 70 kHz, but PEs of the images with SSR have the smallest fluctuation 
between frequencies. The smallest PE is provided by SSR with the 
measurement at 10 kHz. 
Figure 3-11 (c) and Figure 3-11 (d) indicate that the PEs of frequency-
difference images are also between 1 mm to 2 mm when the frequency change 
is larger than 30 kHz. The PEs of the images highly depend on the conductivity 
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variation of the samples between two measuring frequencies, but the utilisation 
of the SSR allows relatively lower PEs when the conductivity variation is small. 
In summary, these results show that the conductivity variation of the tissue 
sample between the reference and the measurement is the key factor in 
reducing the PE. The threshold between high PEs and low PEs of the time-
difference images for carrot tissue sample and potato tissue sample locate at 
60 kHz and 50 kHz, respectively. The corresponding conductivity variation 
between the samples and the saline are 0.018 S/m and 0.027 S/m, which can 
be considered as the sensitivity of TDEIT in this miniature EIT sensor. In FDEIT, 
the lowest frequencies to reconstruct images with low PEs are 40 kHz and 30 
kHz for carrot tissue sample and potato tissue sample, respectively. The 
conductivities of the samples are 0.035 S/m and 0.048 S/m higher than their 
conductivities at 10 kHz. Using different one-step algorithms does not 
significantly affect the PEs when the conductivity variations of the tissue 
samples are large enough, but a better reconstruction algorithm reduces the 
PEs at critical frequencies.  
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Figure 3-11 Position error of the time-difference images for (a) carrot tissue sample 
and (b) potato tissue sample, and the frequency-difference images for (c) carrot tissue 
sample and (d) potato tissue sample 
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3.3.4 Evaluation of correlation coefficient 
The correlation coefficients (CCs) of the reconstructed images are 
demonstrated in Figure 3-12. For both the time-difference images and 
frequency-difference images, the frequency that provides a lower PE also 
allows the image to have a higher CC. SSR provides more stable CCs for 
images at different frequencies, and the CCs can be maintained above 30% 
when the conductivity of the potato sample is 0.012 S/m lower than that of the 
saline solution at 30 kHz.  
With smaller PEs, the CCs of the time-difference images for the carrot tissue 
sample are higher than the CCs of the time-difference images for the potato 
tissue samples. However, the CCs of the frequency-difference images for the 
potato tissue sample are slightly lower than that of the time-difference images 
for the potato tissue sample, even though they have lower PEs. One of the 
reasons is the deformation of the sample in the frequency-difference images 
is larger than that in the time-difference images.  
The CCs at most of the frequencies can be only maintained at 60%, which 
indicates the reconstructed images have distinct differences from the true 
images. One possible reason is the modelling errors between the sensitivity 
matrix and the true model. The introduction of tissue samples increased the 
liquid volume in the sensor, causing modelling errors in the sensitivity matrix. 
As a consequence, the position of the reconstructed tissue sample deviates 
from the true position and deformation occurs at the samples. In the future 
study, the same volume of background solution should be absorbed from the 
sensor after the introduction of tissue samples, so that the liquid volume can 
be maintained, and the modelling error is reduced. 
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Figure 3-12 Correlation coefficient of the time-difference images for (a) carrot tissue 
sample and (b) potato tissue sample, and the frequency-difference images for (c) 
carrot tissue sample and (d) potato tissue sample 
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3.4 Discussions 
The conductivity of tissue depends on the cell composition, geometrical 
dimension and orientation of the biological cells [124], so different tissues can 
be distinguished through impedance measurements. The complex 
conductivity contains the information in both the real and imaginary part. It has 
more significant changes between different tissues as well as between tissues 
and the background solution. Hence, it is more suitable to be applied for image 
reconstruction.  
EIT can semi-quantitatively assess the conductivity spectra of the tissue 
samples cultured in the miniature EIT sensor. The images can measure 
relative conductivity changes of the tissue samples surrounding by background 
solution and distinguish different tissue samples by their conductivities at the 
same frequencies. The conductivity distributions of the samples in the 
reconstructed images match the conductivity spectra measured by the 
impedance analyser. To be more precise, the conductivities of the carrot 
sample and the potato sample in the miniature sensor exceed the conductivity 
of the saline at 80 kHz and 40 kHz respectively, which is the same as that 
demonstrated in the conductivity spectra (Figure 3-4). The differences in the 
multi-frequency conductivity variations between two kinds of tissue samples 
can be also demonstrated in the reconstructed images. 
TDEIT reconstructs the images based on the conductivity variation between 
the samples and the background solution. The minimum conductivity change 
should be 0.018 S/m in order to improve image quality. Significant PEs and 
background noises occur when the conductivity of the sample is similar to the 
conductivity of the background solution. Since the cell membrane can be 
modelled as a capacitor, the live cells are less conductive at lower frequencies. 
Considering the high conductivity of culture medium in most of the tissue 
culture experiments [129], the minimum stimulating frequency of the Agile 
Tomography system, 10 kHz, should be selected as the stimulating frequency 
for time-difference imaging to maximise the conductivity variation. 
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FDEIT shows the conductivity variation of the tissue sample between two 
frequencies, and it is sensitive to the conductivity change of 0.035 S/m and 
above. The impedance spectra in Figure 3-6 show the abrupt conductivity 
change regions for both tissues located between 10 kHz and 200 kHz, which 
is mainly attributed to the polarisation of the cell membranes. To satisfy the 
sensitivity of FDEIT, the frequency change should be at least 30 kHz for highly 
dense tissue samples. Larger frequency variation is desired for sparsely 
distributed tissue samples. Therefore, 10 kHz and 100 kHz are utilised as the 
stimulating frequencies for FDEIT in this thesis. 
Compared with TLoG and SR, SSR has a better performance in critical cases 
when the SNR is low. The correct sub-domain segmentation helps to 
reconstruct the position of the sample and to penalise the perturbation in the 
background, so the image quality has been improved. In other frequencies, the 
performances of these three algorithms are similar, so the selection of 
reconstruction algorithms should be based on the measuring data. 
With the optimal frequency settings, prominent PEs can be still observed in the 
reconstructed images, and the CCs of the images maintains at only 60%. This 
result demonstrates the modelling errors due to the change of liquid volume 
cannot be neglected. Since the miniature EIT sensor is small, the introduction 
of tissue samples will significantly change the sensing model. It is important to 
maintain the liquid volume in the sensing area after each operation. 
3.5 Summary 
In this chapter, the feasibility of EIT for 3D tissue characterisation in the 
miniature EIT sensor was proved and its performances with different imaging 
settings were evaluated. Time-difference imaging and frequency-difference 
imaging with three reconstruction algorithms were compared in the phantom 
experiments using carrot samples and potato samples. It was demonstrated 
that EIT provided the same result as the impedance analyser when operating 
at proper frequencies. TDEIT, with a stimulation current at 10 kHz, could show 
the conductivity change of the tissue samples when the homogeneous 
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phantom was used as the reference, so it was suitable to monitor the cellular 
behaviours which change the tissue conductivity over time. FDEIT between 10 
kHz and 100 kHz showed the polarisation of the cell membranes, which was 
affected by the radius of the cells and membrane integrity. It would be useful 
for distinguishing different cell types and monitoring cell viability. 
The findings in this chapter help to reduce the errors in the experimental 
settings for miniature EIT experiments. In Chapter 4 , TDEIT with proposed 
settings will be applied to monitor the cell mortality in tightly packed tumour 
spheroids in real-time. The existence of cells in bioscaffolds are evaluated in 
Chapter 5  and Chapter 6 .
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Chapter 4  EIT for real-time and label-free viability assays of 
3D tumour spheroids 
4.1 Introduction 
Three-dimensional (3D) tumour cells in practice are considered to have higher 
radio- and chemo- resistance than experimental cancer cells cultured in a two-
dimensional (2D) environment because of the 3D cell-cell and cell-matrix 
interactions [136, 137]. It is pointed out as one of the most important reasons 
for the low success rate in anticancer drug discovery and development [138]. 
Therefore, there is currently a need to move away from traditional 2D cell 
culture towards 3D cell culture systems that better mimic the behaviour of in-
vivo cells growing in in-vitro experiments [1, 2].  
End-point destructive assays, such as histopathology, scanning electron 
microscopy (SEM) and Transmission electron microscopy (TEM) can be used 
to evaluate frozen and fixed cell within the 3D structure [5]. But currently, there 
is no straightforward method to assess cell growth and cell activity in live 3D 
tissues. Confocal and fluorescence microscopy, the methods of choice for 2D 
culture, are limited to a penetration depth of less than 50 μm in dense and 
highly scattering tissues. Consequently, multiphoton microscopy and light-
sheet microscopy, in combination with fluorophores, are a better choice to 
image cells within spheroids [1]. Alternatively, optical coherence tomography 
can be used to scan large spheroids, and it was recently shown that cell 
viability could be inferred from the optical signal [139]. However, these 
techniques required to analyse multiple scans at the same location and 
therefore have limitations in terms of scanning rate. Phase-contrast imaging, 
which recorded spheroid drug response by monitoring changes in size and 
integrity, has been developed to go towards high-throughput imaging [140], 
but there was no clear indication in regards to change in cell viability. 
In order to monitor the drug response in real-time, label-free and a non-
destructive manner, a method to apply TDEIT in resolving cell viability for 
single 3D spheroids was investigated in this chapter. The relationship between 
Electrical impedance tomography for real-time 3D tissue culture monitoring 
EIT for real-time and label-free viability  
assays of 3D tumour spheroids 55 
conductivity variation and cell viability was first modelled and evaluated 
through finite element (FE) simulations. MCF-7 spheroids were then formed 
with the advanced liquid overlay technique and cultured in the miniature EIT 
sensor for practical experiments. The lysis buffer Triton X-100, which could 
cause cell death in a short time, was selected to validate the capability of EIT 
for drug response monitoring. The concentration of Triton X-100 was chosen 
through individual factor experiments using ECIS. Finally, the cellular 
metabolic viability assay was performed on the spheroids to verify the 
accuracy of the results. 
4.2 Methods 
4.2.1 Effective medium approximation (EMA) of MCF-7 cell spheroids 
The cell is a complex heterogeneous entity and thus can be simplified into a 
model to calculate its electrical properties [24]. In this study, the MCF-7 cancer 
cell was fitted into the single-shell model [19] in Figure 4-1. A single cancer cell 
is composed of the cell membrane and cytoplasm. The cytoplasm can be 
considered as a homogeneous conductive medium, and the cell membrane 
separates the cytoplasm from the extracellular culture medium. A tumour 
spheroid contains several cancer cells, and the culture medium fills the gaps 
between the cells. The size of the gaps depends on the radius of the tumour 
spheroid and the number of cells in the spheroid. Based on this model, the 
relationship between the electrical properties of the spheroids and their 
physiological characteristics can be accurately controlled. To fit the model into 
the effective medium approximation theory, the effective complex conductivity 
  in Eq. (3-2) is represented by the complex permittivity  : 
0 0jω ' jω ''    = = +  4-1 
where 0   is the permittivity of vacuum and ''  is the dielectric constant, which 
contains the same information as the imaginary conductivity demonstrated at 
Section 3.2.1: 
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Figure 4-1 Simulation models for (a) a single cell, (b) a tumour spheroid and the EIT 
sensor in (c) stereo view and (d) top view 
0'' jω ''  =  4-2 
Then, the equivalent homogeneous complex permittivity of the whole cell cell  
can be determined by the Maxwell Garnett equation in Eq. (4-3): 
( ) ( )
( ) ( )
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where c  is the complex permittivity of the cytoplasm, m  is the complex 
permittivity of the cell membrane and ( )
3
/1 mv d r= − , in which r  is the outer 
radius of the cell and 
md  is the thickness of the membrane. 
In the multicellular spheroid model, each MCF-7 cell is considered as a sphere. 
The cells are surrounded by the external culture medium and evenly 
distributed within the spheroid with the radius of R  (Figure 4-1 (b)). The 
volume fraction P  of the cells over the spheroid depends on the number of 
cells x in the spheroid, which is given by ( )
3
/P x r R= . To estimate the 
permittivity of the whole spheroid, Hanai’s equation [46] is preferable in the 
EMA, since it takes the high volume fraction into account and it is suitable for 











  4-4 
where cm  and s   are the complex permittivities of the culture medium and 
the whole spheroid, respectively. The morphology parameter n  is set to 1/3 
for the spherical MCF-7 cancer cells.  Eq. (4-1) to Eq. ( 4-4) are used to 
determine the FE simulation parameters in the next section, in particular the 
effective permittivity of cell spheroid.  
4.2.2 Evaluation of EIT for spheroid imaging 
The FE simulations to evaluate the performance of EIT in spheroid monitoring 
were performed in the COMSOL Multiphysics with an AC/DC module in the 
frequency domain study. A cylindrical EIT sensor model was built with 15 mm 
in diameter and 7 mm in height to simulate the sensor filled with 1.2ml culture 
medium. 16 rectangular electrodes (dimensions: 21.2 0.6 mm ) were evenly 
distributed at the boundary of the substrate of the chamber and the circular 
ground electrode was designed in the centre of the well with a diameter of 
0.4 mm . A tumour spheroid with the radius of R  was placed on the substrate 
of the sensor (Figure 4-1 (c)). The conductivity and the permittivity of the 
Electrical impedance tomography for real-time 3D tissue culture monitoring 
EIT for real-time and label-free viability  
assays of 3D tumour spheroids 58 
culture medium, the cell membrane and the cytoplasm of the viable cell were 
set as ' 1.5 /cm S m = , '' 80cm = , ' 0 /m S m = , '' 5cm = , ' 1.5 /c S m = , 
'' 80c = [9, 129], respectively. The size of the cells and the volume fraction 
were defined to 10r m= , 5md nm=  and 46%P =  based on the 
characteristics of the MCF-7 breast cancer cells [141] and the tightly packed 
tumour spheroids [142]. In order to reduce the computational cost, the cell 
spheroid in Figure 4-1 (b) was considered as a sphere, and its effective 
permittivity 
*
s  was calculated based on Eq. (4-3) and Eq. ( 4-4).  
In the simulation, the adjacent drive method [15, 17] was adopted for the 
current stimulation and voltage measurements, which increased the sensitivity 
to the cellular response near the electrode. A 10kHz  current with an amplitude 
of 1mA was applied to a pair of the electrode, and the electrical properties of 
the spheroid were measured from successive adjacent electrode pair (Figure 
4-1 (d)). By switching the current stimulation positions, totally 104 independent 
measurements in total were obtained as a data set for the image 
reconstruction. 
4.2.3 Impedance measurement system 
The impedance measurements were carried out in a cylindrical miniature EIT 
sensor with microelectrode arrays [143] at the substrate (Figure 4-2 (a-b)). The 
diameter and the height of the chamber were 15 mm  while the number and 
sizes of the gold-plated electrodes were the same as the setting in the FE 
simulations. The adjacent current stimulations and voltage measurements 
were performed with the high-speed EIT system (Figure 4-2 (c)) introduced at 
Section 2.5.2. In this study, the frequency of the stimulation current was set to 
10 kHz and the frame rate was 30 frame per second (fps). To test the 
performance of the miniature sensor, 1.2ml culture medium was added to the 
sensor, and the boundary voltages on the electrodes were continuously 
measured through the system for 1 hour. The SNR of each channel can be 
calculated by (4-5): 
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where ( )v i  and v  are the voltage measured at the time i  and the mean 
voltage of this channel, respectively. 
 
Figure 4-2 Picture of (a) the sensor structure diagram, (b) the manufactured miniature 
EIT sensor, and (c) the high-speed EIT system 
4.2.4 Cell line maintenance 
The MCF-7 breast cancer cells were obtained from ATCC (Middlesex, UK) and 
were routinely grown in T-25 flasks in a humidified 5% CO2 incubator at 37 ℃. 
The culture medium was low glucose Dulbecco's Modified Eagle Medium 
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(DMEM) with glutamax (Thermo Fisher Scientific, Waltham, MA USA) 
supplemented with 10% (v/v) fetal bovine serum (FBS) and 1% (v/v) 
penicillin/streptomycin. After cells attained confluence, they were subcultured 
using 0.25% Trypsin. 
4.2.5 Tumour spheroids formation 
As can be seen in  
Figure 4-3, the liquid overlay technique [144] was adopted and optimised to 
form cell spheroids. In order to avoid cell attachment, the 24-well plate was 
first coated with agarose film. 1% (w/v) agarose dissolved in deionized water 
was sterilised by heating to 120 ℃ under 100 kPa for 15 minutes. It was 
immediately pipetted to the 24-well plate with the volume of 400μl per well and 
was then placed in room temperature for 20 minutes to form the film. To 
maintain the temperature of the agarose solution, all the tips were warmed up 
in 100 ℃ hot water bath before use. Culture medium was removed from the T-
25 flasks, and the cells were trypsinised by 0.25% Trypsin for 5 minutes. 1 ml 
fresh culture medium was then added to the flasks and the concentration of 
the trypsinised cell suspension was counted on the haemocytometer. Extra 
culture medium was added to the flasks to dilute the trypsinised cell 
suspension to 
410  cells/ml. To accelerate the cohesion of the spheroid, the 
culture medium for spheroid culture was optimised to high glucose DMEM 
based culture medium (HG culture medium). Finally, 1 ml of diluted cell 
suspension was pipetted into the 24-well plate for spheroid formation. The 24-
well plate was maintained under horizontal stirring with the Orbi-Shaker 
BT4000-E (Benchmark Scientific, New Jersey, USA) at 120 rpm. The culture 
period should be last for at least 5 days to increase the toughness of the 
spheroids. 500 μl HG culture medium was exchanged daily since the fifth day. 
The size of the spheroids was controlled by the culture period. In this study, 
the MCF-7 cells were cultured in the incubator for 6 days, and the average 
radius of the spheroids was around 1.2 mm (Figure 4-4). 
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Figure 4-3 Protocol for MCF-7 tumour spheroid formation and imaging in the miniature EIT sensor 
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Figure 4-4 MCF-7 spheroid sample cultured in 24-well plate, (a) Digital camera image 
and (b) optical contrast microscopy image, the scale bar correspond to 300 μm. 
4.2.6 Chemical insult and the reagent 
Triton X-100 is a non-ionic, non-denaturing detergent wildly used in 
biochemical applications for lysing cells. Triton X-100 can change the live-cell 
permeability and morphology at low concentration, while a high concentration 
of the detergent will solubilise the cell membrane proteins, which eventually 
result in cell death by necrosis [145, 146]. In this study, the Triton X-100 
solution is used to study cell viability in a time-lapse fashion. 2% (v/v) Triton X-
100 solution is prepared by pre-mixing 0.2ml Triton X-100 electrophoresis 
reagent liquid (Alfa Aesar, Lancashire, UK) with 9.8ml HG culture medium. The 
conductivity of the Triton X-100 solution and the HG culture medium at room 
temperature is 2 S/m and 2.07 S/m, respectively. 
4.2.7 Cellular metabolic viability assay 
To assess the cellular metabolic viability of the MCF-7 spheroids, Presto-blue 
Cell Viability Reagent (Thermo Fisher Scientific, Waltham, MA USA) was used 
in the endpoint study. PrestoBlue assay is a kind of colourimetric assays to 
evaluate the viability and proliferation of cellular samples. Based on the Beer-
Lambert law, the absorbance is proportional to the concentrations of the 
absorbing materials in the sample when the length of the beam in the sample 
is fixed [147]. Since the concentration of the PrestoBlue reagent is quickly 
reduced by metabolically active cells, it can provide a quantitative measure of 
viability and cytotoxicity of the samples [148, 149]. 
The spheroid samples treated by 2% Triton X-100 solution for 30 minutes and 
their blank control without any treatment were transferred to a 96-well plate. 
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The PrestoBlue reagent was mixed with the HG culture medium in a 1:9 mixing 
ratio following the product information sheet. 100 μl mixed solution was added 
to each well and the 96-well plate was then placed into the incubator at 37 ℃ 
for 60 minutes. 40 μl solution was then sampled from each well and tested in 
the Modulus™ II Microplate Multimode Reader using 525 nm (EX) / 580-640 
nm (EM) fluorescence. The testing results were shown in the relative light unit 
(RLU), which indicated the amount of light detected by the detector. To remove 
the background disturbance, the RLU of the HG culture medium was used as 
the reference. A higher RLU means higher cellular viability of the MCF-7 
spheroid under test. 
4.3 Results 
4.3.1 Finite-element simulations for sensitivity evaluation 
Prior to monitor the spheroid viability in real-time, it is important to examine the 
theoretical detection limit of EIT for the cell spheroids. Hence, two simulations 
were performed to examine the spatial sensitivity and viability detection limit of 
EIT, which could be used as a reference for the parameter setting in the real-
time cellular assay. In this section and Section 4.3.2, L1-norm regularisation 
(Eq. (2-33)) was applied in the image reconstruction. 
4.3.1.1 Spatial sensitivity 
The spatial sensitivity of the EIT measurement evaluates the performance of 
EIT in reconstructing the size and position of the spheroids. The sensor was 
first filled with culture medium as a reference, and then the spheroids in 
different sizes were introduced to the substrate of the sensor as shown in 
Figure 4-1 (c) and (d). Voltage measurements were taken from the electrodes 
for EIT image reconstruction. Based on the calculation of Eq. (4-5), the 
average SNR of the system was 52.63dB. Hence, Gaussian noise was added 
to the boundary voltages to achieve the signal to noise ratio (SNR) of 50dB to 
simulate the conditions of practical experiments. The spatial sensitivity of the 
reconstructed image was evaluated by the correlation coefficient (CC) 
demonstrated in equation (3-18). A higher CC means the similarity between 
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the actual size and position of the spheroid is closer to the reconstructed value, 
which means the reconstructed image is a better representation of the 
spheroid under study. The smallest spheroid that can generate the highest CC 
values was defined as the spatial sensitivity of the measurement because its 
signal is strong enough to tolerate the disturbance of the measurement noise. 
Figure 4-5 shows the reconstructed images in the presence of MCF-7 cell 
spheroids with increasing radius. Based on the electrical characteristics of 
viable cells mentioned in section 4.2.2, the effective conductivity of the viable 
cell spheroid s  is equal to 0.595 /S m , which is lower than the conductivity of 
the culture medium cm . Hence, the introduction of the spheroid results in the 
conductivity drop in the corresponding area. In the presence of spheroids with 
a small radius (Figure 4-5 (a) and (b)), the resulting disturbance to the 
boundary voltage is weak, and the signal level is similar to the noise level. In 
Figure 4-5 (c) and (d), larger spheroids generate stronger signals to the 
boundary voltages, and better image quality is generated. The correlation 
coefficient histogram (Figure 4-5 (e)) indicates that the minimum radius of the 
spheroid maintaining high image quality is 0.8 mm. It means that the spatial 
sensitivity of the measurement is 1.14% of the sensor surface area. 
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Figure 4-5 Reconstructed images for the spheroids in size of (a) 0.16%, (b) 0.64%, (c) 
1.44% and (d) 2.56% of the sensor and (e) their correlation coefficient with the true 
image based on 20 measurement samples for each size of the spheroid (n=20). 
4.3.1.2 Detection limits of spheroid viability 
The purpose of this simulation is to evaluate the sensitivity of EIT 
measurement to the conductivity change of the spheroid caused by cell death. 
A viable cell spheroid with a radius R of 1.2 mm (area ratio of 2.56%) was 
simulated inside the sensor filled with culture medium and a cytotoxic agent as 
shown in Figure 4-1 (c) and (d). Since the volume of the biochemical agent 
was far smaller than that of the culture medium, it was assumed that the 
conductivity of the background solution was equal to the conductivity of the 
culture medium cm . Then, the effect of the cytotoxic agent with a gradual 
viability loss of the spheroid down to 0% (cell mortality rate increased from 0 
to 100%) was simulated by modifying their dielectric properties parameters in 
the simulation. Since the membrane of dead cells lost the resistance to the 
low-frequency electric current, its conductivity and permittivity were increased 
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to ' 1.5 /m S m =  and '' 80m = . The conductivity of the spheroid with partial 
dead cells was updated with Eq. (4-4), and it increased with the cell mortality 
rate. EIT was used to reconstruct the conductivity change of the spheroid to 
deduce the cell mortality under 50 dB noise level. A threshold-based 
conductivity mask was applied to the reconstructed images to locate the 
spheroid and to calculate the average conductivity change of the spheroid 
associated with cell death. 
According to Figure 4-6, the conductivity variation due to cell mortality can be 
detected and reconstructed in the correct position when the mortality rate is 
over 30%. The variation increases with cell mortality as expected. Figure 4-6 
(k) shows the relationship between the reconstructed conductivity variation 
and the cell mortality rate was plotted with 30 spheroid samples. The y-axis on 
the left is corresponding to the normalised conductivity variation in the 
reconstructed images and the y-axis on the right is corresponding to the true 
spheroid conductivity change in the simulation. A good correlation exists 
between the reconstructed conductivity variation and the cell mortality rate at 
20% and above, but the results at 20% mortality rate are not convincing 
because the conductivity variation in the RoI is almost the same as that at the 
background area in Figure 4-6 (b). Hence, EIT reconstructed conductivity 
variation can be used as an indicator of the cell mortality in the spheroids when 
the mortality rate is over 30%. 
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Figure 4-6 Sample images for spheroid at (a) 10%, (b) 20%, (c) 30%, (d) 40%, (e) 50% , 
(f) 60%, (g) 70%, (h) 80%%, (i) 90% and (j) 100% mortality rate, and (k) the comparison 
diagram between the reconstructed conductivity variation and the cell mortality rate 
(n=30). 
4.3.2 Real-time imaging of spheroid viability 
In this section, experiments with MCF-7 spheroids were carried out to validate 
the FE simulations and the feasibility of EIT for real-time imaging. In order to 
monitor the dynamic course of cell death, the spheroids introduced in Section 
4.2.5 were introduced into the miniature sensor with 1.2ml 2% Triton X-100 
solution (experimental group). In the control group, the spheroids were 
introduced into the miniature sensor with 1.2ml HG culture medium. Reference 
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for EIT imaging was taken immediately after that. Both the experimental group 
and the control group have two samples. 
Figure 4-7 (a) shows the reconstructed images for the response of the MCF-7 
spheroids in the 2% Triton X-100 solution (experimental group) and the HG 
culture medium (control group). These images show the difference of 
conductivity between the reference and the conductivity at the selected time 
points. 300 images in total were reconstructed for each sample, and the 
processing time for each image was less than 0.3 second. As expected, the 
conductivity of the spheroids in the Triton X-100 solution has a significant 
increase while the conductivity of the spheroids in HG culture medium remains 
unchanged. In the experimental group, the conductivity of the spheroids 
started to increase at about 2 minutes until it reaches a plateau between 0.04 
and 0.05 at 22 minutes. The increase was caused by the destruction of the 
insulating cell membranes after cell death. This result was consistent with the 
previous MCF-7 chemical response data in 2D [150-152], but the longer 
response time was observed, likely due to the 3D structure of the spheroids. 
The standard deviation around the mean could be explained by the individual 
differences between two spheroids in morphological characteristics, cell 
concentration and initial cell viabilities. In Figure 4-7 (b), the chemical insult 
over time is reconstructed in real-time with small fluctuation. One reason for 
the fluctuation is the reconstruction parameter   of Eq. (2-33) in this 
experiment is fixed in order to compare the conductivity changes in different 
groups, so it is not optimised for each group to obtain the best image quality. 
The comparison of the relative light unit (RLU) in the control group and the 
experimental group shows that the viability of the MCF-7 spheroids almost 
drops to zero after a 30-minute treatment in the 2% Triton X-100 solution 
(Figure 4-8). These data show that EIT can monitor and analyse the cell 
viability on 3D cell spheroids in real-time. 
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Figure 4-7 Reconstructed images for the spheroid samples in (a1-2) 2% Triton X-100 
solution (experimental group) and (a3-4) HG culture medium (control group) and (b) 
the conductivity variation of the spheroids (n=2). 
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Figure 4-8 The cellular metabolic viability assay for the spheroids (n=5) 
4.4 Discussions 
In this study, 2D EIT image reconstruction model was applied to reconstruct 
the conductivity distribution images. This setting projected the change in the 
sensor into 2D space. This method was chosen because it significantly 
reduced the computational time required to reconstruct an image when 
compared to 3D EIT reconstruction [153], and was therefore more suitable for 
a new technology to monitor in real-time and label-free cellular viability. Since 
the conductivity of the background medium was almost invariable during the 
measurement, the conductivity variation in the sensor was mainly attributed to 
the change of the cells. Therefore, the 2D conductivity distribution in the 
images could directly reflect the conductivity variation of the 3D cell spheroids. 
The selection of the spheroid position in this study was to optimise the signal 
intensity of the EIT measurements and to improve the image reconstruction 
with the adjacent drive method. To measure samples located at the centre of 
the sensor, the polar-offset current drive [126] or opposite current drive [15] 
should be applied to maintain high sensitivity in the central area. In future 
studies, optimization could be performed to automatically detect the position 
of the samples and choose the best current stimulation pattern to increase the 
sensitivity of the measurements. 
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Taken together, the results show that the viability and integrity of the 3D cell 
spheroids can be monitored in real-time and in their cell culture environments 
with EIT. This method is sensitive to the physiological variation of the cell 
spheroids. It allows the continuous monitoring of the spheroid integrity and size, 
which is a parameter of interest alongside the cell viability[140]. Cell mortality 
caused by a chemical insult can be reconstructed in real-time through its 
correlated conductivity variations in the spheroid. Monitoring the response of 
MCF-7 spheroids to the Triton X-100 solution demonstrated the ability of EIT 
to perform the real-time and label-free cellular assay. Although its spatial 
resolution is not as high as other imaging techniques, such as confocal and 
fluorescence microscopy, EIT has several distinct advantages over the 
existing techniques including cost, non-destruction, portability, high temporal 
resolution and potential for multiplexing and long-term high throughput 
screening. Overall, EIT maintains the advantages of other impedimetric 
measurement techniques while overcoming the lack of spatial resolution. 
4.5 Summary 
In this chapter, the protocol and associated methodologies of EIT to monitor in 
real-time and non-destructively cell viability in 3D cell spheroids have been 
developed. This technique was demonstrated in a single-well format, but it 
could be easily multiplexed to multi-well plate format. The relationship between 
cell viability and spheroid conductivity was investigated for the first time 
through EMA theory. It was then used to evaluate the feasibility of EIT for 
spheroid imaging in FE modelling simulation. Experiments were performed to 
evaluate the potential and suitability of EIT to monitor in real-time and label-
free transient changes in cell viability induced by a chemical insult within large 
3D spheroids. To the best of my knowledge, this is the first study to perform 
FE simulations with tightly packed tumour spheroids and to demonstrate real-
time and label-free monitoring of conductivity variation of 3D cell spheroids 
following a chemical insult. It takes a step forward towards the miniaturisation 
of impedance imaging to enable on-line monitoring of the cellular activities in 
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a 3D environment, and the integration of the EIT technique to drug-screening 
platforms.
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Chapter 5  Exploring the Potential of EIT for Tissue 
Engineering Applications 
5.1 Introduction 
Beside drug discovery, tissue engineering is another important topic in 
biological research. Its purpose is to generate artificial tissues and organs to 
repair or replace damaged tissues in the human body [154]. It generally uses 
a combination of cells and biomaterials to manufacture samples several orders 
of magnitude higher than a single cell volume. Currently, tissue engineering 
makes use of a variety of biomaterials varying from polymers and hydrogels to 
decellularized animal tissues [155]. The morphologies of these biomaterials 
are similar to that of the extracellular matrix, so they can provide the 
appropriate environment for the regeneration of tissues and organs in 3D.  
Monitoring the cell characteristics in the scaffolds and hydrogels provides 
information for the biologists to better control the cell culture and differentiation 
processes. However, it is difficult to assess the cell viability and proliferation in 
large samples with height and diameter at the millimetre scale and composed 
of non-transparent biomaterials. EIT has successfully been applied to monitor 
the adhered cell migration [156] and the drug response of cell aggregates that 
have a relatively high concentration in the local area [157], but its feasibility on 
sparse cell monitoring has yet to be investigated.  
In this chapter, the potential of EIT for tissue engineering applications, where 
the cells were sparsely distributed within the hosting scaffolds, has been 
explored. MCF-7 breast cancer cells were first seeded into the microporous 
scaffolds and the hydrogels. They were then cultured in the miniature EIT 
sensor. Time-difference imaging and frequency-difference imaging were 
performed to monitor the cell distribution within the samples. Experiments were 
also carried out to monitor the conductivity variation of the microporous 
scaffold when Triton X-100 was added to the sensor. The results were 
compared with the reconstructed images for the carrot and potato tissues in 
Chapter 3  and the cell mortality images in Chapter 4 . 
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5.2 Methods 
5.2.1 Cell Line Maintenance 
Breast cancer cells, MCF-7, were routinely cultured in a Dulbecco’s Modified 
Eagle’s Medium (Life Technologies, Carlsbad, CA, USA) containing 10% fetal 
bovine serum (Thermo Fisher Scientific, Waltham, MA, USA) and 1% 
penicillin-streptomycin (Life Technologies, Carlsbad, CA, USA). MCF-7 breast 
cancer cells were grown in an incubator at 37 °C with 5% CO2, and the medium 
was changed every 48 h.  
5.2.2 Cell Seeding in Hydrogels and Microporous Scaffolds 
96-well AlgiMatrix scaffolds (Life Technologies, CA, USA) and HyStem-HP 
hydrogel (Sigma-Aldrich, St. Louis, MO, USA) were used to evaluate the 
feasibility of EIT for sparsely distributed tissue culture imaging. The MCF-7 
breast cancer cells were seeded into the hydrogels and scaffolds with a 
concentration of 5 × 106 cells in each scaffold. This concentration allowed the 
cells to completely fill the void spaces of the scaffolds [158]. The equivalent 
volume fraction of the cells in the scaffold was 10.7%, which was lower than 
that of densely packed cell spheroids with a volume fraction between 46% and 
65%, so I considered it as the sparse cell distribution.  
The cells were first recovered with 0.25% trypsin (Mediatech, Manassas, VA, 
USA) so that they can detach from the flasks. 1 ml of fresh culture medium 
was then added to the flasks and the concentration of the trypsinised cell 
suspension was counted on the haemocytometer. The cell suspension was 
then transferred to a centrifugation tube and was centrifuged at 259 relative 
centrifugal forces (RCF) for five minutes to obtain the MCF-7 cell pellets. 
To prepare HyStem-HP hydrogel, HyStem-HP, Gelin-S and Extralink 2 powder 
were dissolved in degassed water and mixed following the standard operation 
protocol. The cell pellet was then suspended into the mixed solution to achieve 
the seeding concentration of 5 × 107 cells/ml. The hydrogel samples were 
formed by adding 100 µl mixed solution with cells to the 96-well culture dish. 
Blank controls without cells were also prepared by adding 100 µl mixed 
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solution to the 96-well culture dish. Both the hydrogel samples and the blank 
controls were then placed at room temperature for ten minutes to facilitate the 
gelation. 
To prepare the AlgiMatrix scaffolds, the supernate in the centrifugation tube 
was removed, and the fresh culture medium was added to the tube to resolve 
the cell pellet to the cell suspension with a concentration of 5 × 107 cells/ml. 
The AlgiMatrix sponges were rehydrated with 50% firming buffer for five min 
in the 96-well culture dish. Rehydrated scaffolds were then transferred to new 
culture dishes, and 100 µl cell suspension was added to each dish for cell 
seeding. The new culture dishes were placed into the incubator for two hours 
to allow cell attachment. In the control groups, the rehydrated scaffolds were 
immersed in the fresh culture medium before being placed into the incubator. 
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Figure 5-1 Protocol for the formation of hydrogel samples and scaffold samples with MCF-7 breast cancer cells 
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5.2.3 EIT Measurements in the Miniature Sensor 
Experiments were taken at 24 hours after cell seeding. The cell-loaded 
hydrogel samples, scaffold samples and their blank controls were transferred 
to the miniature EIT sensor for EIT measurements. The chamber of the sensor 
was a cylinder with a diameter of 15 mm. 1.2 ml culture medium was added to 
the sensor, and the liquid surface was increased to 7 mm. The EIT 
measurements were carried out with the multi-frequency EIT system 
demonstrated in Section 2.5.2. The adjacent current method was applied, and 
the measurements were taken from the electrodes evenly distributed at the 
edge of the sensor.  
The settings of EIT was based on the findings in Chapter 3 . Samples and the 
blank controls were sequentially placed at two positions for the measurement. 
The first position was between electrodes 6 to 8 and the second position was 
between electrodes 11 to 13, which can be established in the electrode 
configuration model at Figure 5-2. In TDEIT, references were taken at 10 kHz 
when the sensor was filled with the culture medium. After adding the sample 
or the blank control into the sensor, the same volume of culture medium was 
absorbed using pipette before the measurement. In FDEIT, the sample or the 
blank control was added to the sensor, and the measurement was taken 
between 10 kHz and 100 kHz. This selection can also be explained by the 
three dispersion mechanisms introduced [22, 134], which illustrated the 
frequency response of biological tissues and cell suspensions. The α-
dispersion appeared below several kHz and was not easy to measure due to 
the interference from the electrode polarisation effects. The β-dispersion 
distributed between 10 kHz to several MHz was mainly attributed to the 
interfacial polarisation due to the existence of the insulating membrane 
surrounding the cells. By imaging the conductivity distribution at the β-
dispersion, the concentration of viable cells in the samples can be estimated 
[22]. In order to avoid the heating effect, the amplitude of the current was set 
to 1 mA [159]. 
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Figure 5-2 The electrode configuration model for the miniature EIT sensor 
5.2.4  Cell-drug response monitoring in the microporous scaffold 
In Chapter 4 , the experimental results indicate that EIT can monitor cell-drug 
response in tightly packed tumour spheroids. This method would be useful if it 
can be further developed for the monitoring of such a transient process in the 
microporous scaffolds as it is hard for optical-based methods to monitor cell 
activities in large samples with height and diameter at the millimetre scale [1]. 
Therefore, the potential of EIT to monitor the chemical insult of Triton X-100 to 
the sparse cells distributed in the AlgiMatrix scaffolds has been investigated in 
this subsection.  
The schematic illustration of the experimental procedure for cell-drug response 
imaging is presented in Figure 5-3. Since the Triton X-100 lysis buffer has a 
different conductivity with the culture medium, its diffusion process resulted in 
a continuous conductivity variation in the sensing area, which may overlap with 
the conductivity variation due to the cell-drug response [119]. As a 
consequence, the culture medium and the Triton X-100 lysis buffer should be 
mixed before the chemical insult started. At 0t , 900 l  of the culture medium 
was added to the sensor. The system then started to take measurement 
simultaneously. Subsequently, 100 l  of 10% Triton X-100 solution was 
aspirate to the sensor at 1t . In order to mitigate the influence of drug diffusion, 
the mixture of culture medium and Triton X-100 was facilitated by stirring at 2t . 
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After a few minutes when the solution was stable, the scaffold sample and its 
blank control were separately transferred from the culture dishes to the second 
position of the sensor at 
3t . According to previous studies [145, 157], Triton X-
100 can kill the cancer cells within a few minutes. Therefore, the 
measurements were terminated at 10 minutes after 
3t . 
 
Figure 5-3 Schematic diagram of the experiment protocol 
5.2.5 1D thresholding filter for voltage correction 
EIT utilises 104 measurements to reconstruct an image. The abnormality in 
one or a few measurements will result in the unexpected anomalies in the 
reconstructed image. In order to avoid this problem, which occasionally 
occurred due to the errors in the data acquisition system, a one-dimensional 
(1D) thresholding filter was developed to pre-process the measurement data 
before image reconstruction. Since it would not have abrupt changes in the 
conductivities of the culture medium and the samples, the boundary voltage 
measurements should also be continuous in the time-domain. Any sudden 
changes in the boundary voltages were considered as errors. The filter was 
performed for each channel separately. The value of measurement 1v  was 
determined by the measurements in a given period. 
1 2[ , , , ]nv v v v=  5-1 
where v is the voltage array for the measurements in this period, n is the size 
of the window.  
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If the difference between 
1v  and the mean value of v is smaller than the 
standard deviation of v, 1v  is considered as a normal value and remains 
unchanged. Otherwise, 1v  is considered as an error and its value is set as the 











where v  is the mean value of v, v  is the standard deviation of v and v  is the 
median value of v. 
The median filter was applied to each frame and each channel of the data. 
5.2.6 Total variation regularisation with the 2D median filter 
In this chapter, the cells were encapsulated in the hydrogels and the scaffolds. 
Assuming that the cells were homogeneously distributed within the sample, 
the samples should have sharp conductivity changes on its boundary. 
Therefore, total variation regularisation (Eq. (2-34)) was adopted in this 
chapter for image reconstruction. 
In miniature EIT, spike type artefacts commonly exist around the electrodes 
due to the high sensitivity [160]. These artefacts lead to background noise 
peaks in the images, and it may overwhelm the scaffold when the conductivity 
variation of the scaffold is small. In order to eliminate the background noise, a 
median filter was applied to the reconstructed conductivity distribution, which 
was formulated as: 
21




   

  −  +   5-3 
where median  demotes the 5×5 median filter operator (Figure 5-4). The sliding 
window arranges the pixel value and its neighbours within the window from 
small to large and replaces the original value with the median value of the 
sorted array. 
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Figure 5-4 The median filter applied to each pixel  
5.3 Results 
5.3.1 Removal of the abnormal measurements 
The voltage measurements for the cell-loaded scaffold sample in the first 
position were utilised to analyse the necessity and performance of the 
thresholding filter. The boundary voltages at channel 2, which was taken from 
electrode pair 5-6 when the current was injected from electrode pair 1-2, were 
presented in Figure 5-5. 207 measurements and 1198 measurements have 
been taken in 7 seconds when the frequencies of the stimulating current were 
10 kHz and 100 kHz, respectively. At 10 kHz, the boundary voltage at channel 
2 was 14.41 mV with a 0.09 mV variation. No significant error could be 
observed in the voltage array, so the thresholding filter only set the 
measurements with large noises, such as the first measurement at 15.18 mV, 
to the median value. The thresholding filter reduced the mean value of the 
voltage array by 0.003 mV, which was relatively small when compared to their 
original values. At 100 kHz, most of the measurements are around 8.08 mV 
with a 0.02 mV variation. The measurements occasionally jumped to 25 mV, 
however, they returned to the normal value in the next frame. The application 
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of thresholding filter removed all the abnormal high voltages and replaced 
them by the median value of the 1198 measurements. The mean value of the 
voltage array was therefore reduced by 0.17 mV. It shows that the filter helps 
to increase the accuracy of the measurement, and it is a benefit to EIT using 
either averaged values or single-frame voltages for image reconstruction. 
 
Figure 5-5 The boundary voltages (channel 2) for the scaffold sample in the first 
position at (a) 10 kHz and (b) 100 kHz 
5.3.2 Time-difference image reconstruction 
Figure 5-6 shows the images of the hydrogel sample and its blank control at 
two different positions. In Figure 5-6 (a) and (b), the positions of the samples 
are correctly displayed based on the conductivity variation in the related area. 
When no cells exist, the conductivity of the control group is slightly higher than 
that of the culture medium ,which can be observed in Figure 5-6 (c) and (d). 
Since the conductivity of the fresh culture medium is 2.13 S/m, the presence 
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of the cells reduces the local conductivity, and the conductivity of the sample 
is lower than that of the culture medium.  
In Figure 5-7 (a) and (b), the conductivity of the cell-loaded scaffold sample is 
lower than that of the culture medium as expected. The conductivity variation 
of the blank scaffold cannot be observed in Figure 5-7 (c) and (d), which 
indicates that the empty scaffold had the same conductivity as the culture 
medium. Therefore, the AlgiMatrix Scaffold is more suitable for the applications 
using EIT as the variation of the local conductivity distribution is mainly 
attributed to the presence of cells. 
Comparing Figure 5-6 with Figure 5-7, the images for the scaffolds have 
smaller background noise than those in the images for hydrogels. One 
possible reason is the accuracy of culture medium absorption. Due to the 
irregular shape of hydrogel samples, it was difficult to calculate their volume 
accurately, so the culture medium absorption was based on an approximate 
value. For this reason, the models for the hydrogel imaging were not as 
accurate as those for the scaffold imaging, and the background errors 
increased. It once again emphasises the importance of maintaining a constant 
liquid volume during the miniature EIT measurements. 
 
Figure 5-6 Time-difference images for the cell-loaded hydrogel sample at (a) positions 
1, (b) position 2 (b) and the blank hydrogel at (c) positions 1 and (d) position 2.  
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Figure 5-7 Time-difference images for the cell-loaded scaffold sample at (a) positions 
1, (b) position 2 (b) and the blank scaffold at (c) positions 1 and (d) position 2. 
5.3.3 Frequency-difference image reconstruction 
Figure 5-8 and Figure 5-9 show the frequency-difference images for the cell-
loaded hydrogel samples and scaffold samples as well as their blank controls, 
respectively. Surprisingly, the images only show unexpected anomalies near 
electrode 1 to 3 instead of the conductivity variations in the miniature EIT 
sensor. Unlike the results in Section 3.3.2, FDEIT fails to distinguish the 
samples and their blank controls, which should have different electrical 
properties. A possible explanation for these results may be the small 
conductivity variation of the samples, which is overwhelmed by the larger 
measurement errors. As mentioned in Section 2.4.2, the ability of FDEIT to 
eliminating the common errors is not as good as that of TDEIT. The utilisation 
of the miniature sensor will increase the measurement errors, so it may result 
in the failure in image reconstruction if the changes in the samples are 
relatively small. These results show the limitation of conventional FDEIT for 
miniature tissue culture monitoring. Hence, the cell-drug response monitoring 
in the next section will only utilise the TDEIT. A detailed analysis of the 
measurement errors and methods to improve the FDEIT will be presented in 
Chapter 6 . 
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Figure 5-8 Frequency-difference images for the cell-loaded hydrogel sample at (a) 
positions 1, (b) position 2 (b) and the blank hydrogel at (c) positions 1 and (d) position 
2.  
 
Figure 5-9 Frequency-difference images for the cell-loaded scaffold sample at (a) 
positions 1, (b) position 2 (b) and the blank scaffold at (c) positions 1 and (d) position 
2. 
5.3.4 Monitoring the cell-drug response in the microporous scaffold 
Figure 5-10 shows the time sequence of the boundary voltages at channel 78, 
which was taken from electrode pair 10-11 when the current was injected from 
electrode pair 8-9. In both the cell-loaded scaffold sample and its blank control, 
the voltage variation was almost the same before the introduction of the 
scaffold at 3t . After adding Triton X-100 to the sensor, the boundary voltage 
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dropped for the first time then gradually increased. After the stirring process at 
2t , the boundary voltages become stable again. The introduction of the 
scaffold to the sensor caused a drop on the boundary voltages. In the control 
group, the boundary voltage remained constant after the voltage drop. 
However, the boundary voltage for the scaffold sample increased continuously 
until the end of the experiment. 
 
Figure 5-10 Boundary voltages of the 78th measurement (electrode 8- 9 as current 
injection and electrode 9-10 as measurement) 
 
Figure 5-11 Conductivity variations of the cell-loaded scaffold sample and the blank 
control at (a) 1 minute after 
3t , (b) 2 minute after 3t , (c) 3 minute after 3t , (d) 5 minute 
after 
3t  and (e) 10 minute after 3t . 
The reconstructed images at selected time points are demonstrated in Figure 
5-11. In order to highlight the conductivity variation caused by the cell-drug 
response, the reference voltages were taken at 3t . In the blank control, the 
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boundary of the scaffold cannot be identified. The maximum conductivity 
change in the reconstructed images is about 0.7%, which is most likely due to 
the measurement noise. It shows that the conductivity of the empty scaffold is 
almost static after 
3t . In the experimental group, a clear conductivity drop 
occurs at the position of the scaffold sample. The conductivity of the scaffold 
sample decreases from 0.36% in the first minute to 3.17% after ten minutes.  
Although EIT successfully distinguishes the sample from its blank control, the 
conductivity variation of the sample is different from those observed in Section 
4.3.2. The conductivity of the cells should increase when the cell membranes 
are resolved by Triton X-100, but the overall conductivity of the scaffold sample 
decreases in this experiment. Therefore, conductivity variations besides the 
cell mortality simultaneously occurred within the scaffold.  
Since there is a continuous nutrient and gas exchange between the cytoplasm 
and the extracellular culture medium during the cell culture [161], a possible 
explanation for the unexpected conductivity variation might be the change in 
background conductivity. In order to verify this factor, the conductivity of the 
fresh culture medium and the spent culture medium after one-day culture of 
the scaffold samples were compared. 10 ml fresh culture medium and spent 
culture medium were collected to the 50 ml centrifugation tubes and were 
measured, respectively, using conductivity meter Sension+EC5. The results 
showed that the conductivity of the fresh culture medium was 2.13 S/m at room 
temperature. The conductivity of the spent culture medium was 2.20 S/m at 
room temperature, which was 3.28% higher than that of the fresh culture 
medium. After placing the scaffold sample to the sensor, the molecular in the 
fresh culture medium would exchange with the spent culture medium in the 
scaffold, causing a drop in the sample conductivity. If this change is more 
significant than the conductivity variation caused by the chemical insult, it is 
possible to observe the decrease of the sample conductivity over time. This is 
the main reason why the result in Figure 5-11 is different from the conductivity 
changes in Figure 4-7. 
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5.4 Discussions 
Overall, the conductivity variation due to the cells distributed in hydrogels and 
scaffolds can be detected by the impedance measurements. Due to the low 
cell concentration, the conductivity variations of the samples were not as 
significant as those of the tightly packed cell spheroids. Therefore, the 
measurement errors and the molecule exchange of the culture medium caused 
non-neglectable disturbance to the reconstructed images. 
The majority of the measurements were corresponding to the conductivities 
within the sensing area, but abnormal measurements occasionally occur with 
extremely high voltages. The abnormal measurements were likely to appear 
at high frequencies although there weren’t any rules for their appearance. It 
was difficult to explain this result, but it might be related to the malfunction of 
the multiplexer array. In the Agile Tomography system, the temporal resolution 
was higher at high frequencies and it cannot be controlled manually. Working 
at a high temporal resolution mode when the speed was over 100 fps, the 
multiplexer array might fail to switch to the correct channel before the 
measurement was taken, and it caused the unexpected high voltages in the 
measurements. The abnormal measurements were much larger than the 
general boundary voltages, so they could be corrected by the thresholding filter. 
The conductivity of the culture medium changed during the cell culture due to 
cell breathing and metabolism. Since both the conductivity of the cells and the 
conductivity of the culture medium changed during the experiment, it was 
difficult for TDEIT to extract the conductivity variation due to the cell mortality 
from the background disturbance. Therefore, FDEIT should be developed for 
long-term tissue culture monitoring by directly demonstrating the cell 
concentration and cell viability through the membrane characteristics. Since 
the results also show the drawback of FDEIT in common error elimination, an 
advanced calibration method should be developed to remove the unexpected 
components in the boundary voltage measurements. 
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5.5 Summary 
The hydrogels and scaffolds provide more physiologically relevant 
microenvironments for cells to form natural shapes and intercellular contacts. 
Monitoring the tissue-engineered samples provides information regarding the 
morphological and functional behaviour of the cell cultures. In this chapter, the 
EIT method developed for the tumour spheroid imaging has been expanded 
for the tissue engineering applications. Static imaging results were compared 
with the phantom study in Chapter 3  and the dynamic cell-drug response 
monitoring data were compared with the results in Chapter 4 , which proposed 
to explain the errors in the images for tissue-engineered samples. In the next 
chapter, equivalent circuit models will be developed to analyse the errors in 
EIT measurements, and a calibration method will be derived to remove the 
errors before image reconstruction.
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Chapter 6  Calibrated FDEIT for long-term 3D tissue culture 
monitoring 
6.1 Introduction 
The field of tissue engineering has been developed in the past 20 years to 
meet the tremendous need for organs and tissues [154, 162, 163]. In tissue 
engineering, the human cells are seeded and cultured in a variety of 
bioscaffolds to generate artificial tissues and organs in vitro, which usually take 
a couple of weeks until they can be used for transplantation.  
Previous studies showed that time-difference EIT could be applied in 
different biological applications to monitor the transient response of biological 
tissues. However, this method is only suitable for short-term monitoring due to 
factors such as temperature variation, evaporation and cellular activities 
change the conductivity of the background culture medium, which makes the 
reference unavailable for further image reconstruction [164, 165]. Alternatively, 
the frequency-difference EIT could be used to reflect the physiological 
conditions of the biological tissues by reconstructing the conductivity 
distribution in terms of frequency-dependent behaviour. It does not require a 
temporal reference, but the frequency-dependent circuitry artefacts introduce 
different errors to the measurements at two frequencies and the differentiation 
method is not able to fully eliminate the errors [166, 167]. Recently, a 
background calibration method has been developed for a relevant technique 
[168], it is worth to use it as a reference for the development of miniature FDEIT 
calibration. 
In this chapter, an equivalent circuit model was developed to analyse the EIT 
measurements, and the corresponding equations were derived to indicate the 
relationship between the boundary voltages and the circuitry errors. Based on 
the model, the calibrated FDEIT method was developed to eliminate the errors 
that existed in the boundary voltages and to improve the image quality of the 
images for 3D tissue culture. A joint simulation method combining FEM EIT 
modelling and SPICE circuit simulation was developed for the first time to 
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analyse the measurement errors in EIT. Simulations and experiments with two 
types of bioscaffolds were carried out to verify the equivalent circuit model and 
the performance of the proposed method. In order to investigate the feasibility 
of CFDEIT in long-term tissue culture monitoring, experiments with inaccurate 
reference were also performed. 
6.2 Methods 
6.2.1 The voltage measurement of EIT 
The measurement of EIT was based on the four-electrode measurement 
strategy. Using the adjacent current drive method, the current was injected to 
the sensor through a pair of adjacent electrodes, and the corresponding 
voltage variation was measured from the other adjacent electrode pairs. The 
equivalent circuit diagram of a single channel EIT measurement is 
demonstrated in Figure 5-4. The stimulating current 0I  is generated from the 
current source and injected into the sensor through channel 1 and 2 while the 
boundary voltage drop between channel 3 and 4 is measured through the 
voltmeter in the EIT system. 1 1 1//Z R C= , 2 2 2//Z R C= , 3 3 3//Z R C=  and 
4 4 4//Z R C=  are the contact impedance between electrodes and the culture 
medium, respectively, where // indicates the parallel connection between two 
components. 14 14 14//Z R C=  and 23 23 23//Z R C=  are the edge impedance 
between the channel 1-4 and 2-3 while //m m mZ R C=  is target impedance to be 
measured. Theoretically, this measurement strategy eliminates the effect of 
the contact impedance, and the voltage measurement is directly related to the 
target impedance: 
0= mV I Z  6-1 
However, the input of the voltmeter is a virtual ground, and the capacitive 
coupling between the voltmeter terminals to the virtual ground 1/x xZ j C=  
and 1/y yZ j C=  will divert some leakage current around the voltmeter [169, 
170]. Hence, in practical measurement, the voltage measurement is not only 
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determined by the value of target impedance 
mZ  but also affected by the 
leakage current and the contact impedance. By applying the Kirchhoff’s law to 
the equivalent circuit in Figure 6-1, the voltage measured at the voltmeter can 
be calculated as: 
2 3 4 1 4 3 3( )mV I Z Z Z I Z I Z= + + − −  6-2 
where 1I  is the current at Kirchhoff’s Loop 1 14 4 yZ Z Z Z→ → → , 2I  is the 
current at Kirchhoff’s Loop 4 3m x yZ Z Z Z Z→ → → →  and 3I  is the current at 
Kirchhoff’s loop 3 23 2 xZ Z Z Z→ → → . 
The relationship between 1I , 2I  and 3I  can be described by the Kirchhoff’s 
Voltage Law (KVL): 
2 3 4 1 4 3 3( ) ( ) ( ) 0x y m y xI Z Z Z Z Z I Z Z I Z Z+ + + + − + − + =  6-3 
3 2 3 23 2 3(Z +Z +Z +Z ) (Z +Z ) 0x xI I− =  6-4 
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 6-6 
Therefore, the voltage measurement in 6-2 can be simplified by 6-5 and 6-6 
as below: 
3





(Z +Z )( ) ( Z Z )
( )
( )
(Z +Z +Z +Z )
x
x m y m
y
x
Z Z Z Z Z Z Z
Z Z
V Z I
+ + − − + − + +
+
= −  
6-7 
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Assuming Z =x yZ  and the impedance of capacitive coupling is much higher 
than the contact impedance and edge impedance, 6-7 can be approximated 
to: 








Z Z Z Z Z Z
V Z Z I
+ − −
− + +  6-8 
6.2.2 Error elimination in frequency-difference EIT measurements 
The performance of simple FDEIT is usually poorer than that of simple TDEIT 
as difference imaging cannot completely remove the measurement errors that 
vary at different frequencies [122]. As a consequence, weighted FDEIT has 
been developed to hold the anomaly information while eliminating the 
background information: 
2 1m mV V V− − = −  6-9 
2 1 1 1= , ,m m m mV V V V − − − −  6-10 
where 1mV −  is the voltage at the first frequency 1f , 2mV −  is the voltage at the 
second frequency 2f , α is the optimal weight factor and < , >   is the inner 
production operator: 
3 1 3 1 3 1 1 4 1 4 1 4 1 1








Z Z Z Z Z Z
V Z Z I
− − − − − − − −
− −
+ − −
− + +  6-11 
3 2 3 2 3 2 2 4 2 4 2 4 2 2








Z Z Z Z Z Z
V Z Z I
− − − − − − − −
− −
+ − −
− + +  6-12 
The combination of 6-9, 6-11 and 6-12 shows the relationship between the 
boundary voltage variation and the changes of conductivity: 
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Due to the capacitive coupling, the subtraction fails to compensate the 
common errors in the voltage measurement and the boundary voltage 
variation relates to not only the changes of target impedance but also the 
changes of the contact impedances at the measuring electrodes, coupling 
capacitance and the feedback current. 
Since the contact impedance and coupling capacitance are identical at the 
same frequency, performing a system calibration at each selected frequency 
is a method to cancel out the variation of measurement errors. References are 
needed to be taken with homogeneous culture medium at 1f  and 2f , giving 
boundary voltages  1rV −  and 2rV − : 
3 1 3 1 3 1 1 4 1 4 1 4 1 1








Z Z Z Z Z Z
V Z Z I
− − − − − − − −
− −
+ − −
− + +  6-14 
3 2 3 2 3 2 2 4 2 4 2 4 2 2








Z Z Z Z Z Z
V Z Z I
− − − − − − − −
− −
+ − −
− + +  6-15 
where 3mZ −  and 4mZ −  are the target impedance for the homogeneous culture 
medium at 1f  and 2f ,respectively. 
The variation of measurement errors between 1f  and 2f  can therefore be 
calculated by the subtraction between 1rV −  and 2rV − , so subtraction between 
mV  and rV  gives the boundary voltages without measurement errors: 
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6-16 shows the boundary voltage variation only relates to the changes in the 
target impedance after error compensation. Although the conductivity variation 
between the medium of the sample and the reference may generate 
background error, it can be reduced by the normalisation of the boundary 
voltages, which gives the equation of calibrated frequency-difference EIT 
(CFDEIT): 
2 2 1 1
1
( ( ))m r r m
m
V V V V
V
V
− − − −
−
− − −
 =  6-17 
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Figure 6-1 Equivalent circuit model for a single channel EIT measurement with the 
adjacent current drive method 
6.2.3 Evaluation of calibration performance  
To evaluate the performance of the calibration methods, correlation coefficient 
(CC) of the reconstructed images were calculated, which quantifies the 
similarity between the true images and the reconstructed images: 
( )( )
1








   
   
− − =
=
− − = =
 
6-18 
where ̂  and   are the reconstructed and true conductivity variation while ̂  
and   are their mean value, respectively. A higher CC means the 
reconstructed image is more similar to the true image and therefore has a 
higher image quality.  
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6.2.4 Tissue sample formation 
MCF-7 breast cancer cells were used as the samples in this study. The cells 
were routinely cultured in monolayer in the culture medium introduced in 
Section 5.2.1. They were then seeded to the 96-well AlgiMatrix scaffolds (Life 
Technologies, CA, USA) and HyStem-HP hydrogel (Sigma-Aldrich, St. Louis, 
MO, USA) using the methods demonstrated in Section 5.2.2 at one day prior 
to the experiment. Blank hydrogels and scaffolds without cells were also 
prepared as the control group. Microscopic images were taken for the samples 
and blank controls using VisiCam 3.0. Figure 6-2 shows that the cells were 
successfully seeded into both the hydrogel samples and the pores of the 
scaffold samples. 
 
Figure 6-2 The microscopic images for HyStem-HP hydrogel (a) with and (b) without 
cells, and AlgiMatrix scaffold (c) with and (d) without cells 
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6.2.5 Phantom modelling 
The miniature EIT sensor model was built for the simulations using COMSOL 
Multiphysics. As shown in Figure 6-3, the model was developed based on the 
size and the structure of the sensor. Considering that only 1.2 ml culture 
medium was added to the chamber during cell culture, the height of the 
chamber was set to 7 mm. A cylindrical scaffold sample with 4 mm and 2 mm 
in diameter and height, respectively, was introduced to the bottom of the 
sensor at position (11.5, 7.5), where position (x, y) was the horizontal 
coordinate. In this study, I assumed the cells were evenly distributed inside the 
scaffold, so the conductivity of the sample was homogeneous.  
 
Figure 6-3 Picture of (a) the manufactured miniature EIT sensor, (b) the homogeneous 
sensor model and (c) the position of the tissue sample in this simulation 
6.2.6 EIT measurement through FEM modelling and circuit simulation 
Conventional EIT simulations are mainly carried out with EIT simulators or 
Multiphysics software, such as EIDORS [171, 172] and COMSOL Multiphysics 
[173, 174]. With the input of the structure of sensing area, sensor location and 
the conductivity distribution within the sensing area, these kinds of software 
help to calculate the boundary voltages corresponding to the stimulating 
currents through finite element method (FEM) modelling. Ideal current sources 
and voltmeters are adopted in these simulations, and the boundary voltages 
only relate to the conductivity distribution in the sensing area. It provides 
preliminary data to evaluate the feasibility of EIT for new applications, but the 
effect of measurement errors introduced by the system are neglected in these 
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studies. Circuit simulation tools, such as SPICE tools, are capable of noise 
performance simulations on linear elements (RLC components) and complex 
semiconductor devices. However, these tools are only designed for the 
simulations of circuit components, so they have not yet been used for EIT 
simulations. 
In fact, the subject for EIT experiments can be considered as a passive 
impedance network composed of linear elements [175]. The equivalent 
impedance between two electrodes can be obtained through the conventional 
EIT simulations. In order to evaluate the circuitry errors to the EIT 
measurements, a joint simulation method combining FEM EIT modelling and 
SPICE circuit simulation was developed in this study. A FEM mesh was first 
constructed for the sensor and the scaffold sample through COMSOL 
Multiphysics. The equivalent impedance network for the sensor was calculated 
using Ohm’s Law by injecting the unit current to the sensor and measuring the 
corresponding boundary voltages. The measuring circuit shown in Figure 6-1 
was then developed in LTspice and the edge impedance and target impedance 
14Z , 23Z  and mZ  were replaced by the equivalent impedance network. This 
process is demonstrated in Figure 6-4. The errors in the measurements can 
be introduced to the simulation by adjusting the contact impedance and 
coupling capacitance. 
 
Figure 6-4 Proposed joint simulation using COMSOL Multiphysics and LTspice 
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6.2.7 Experiment settings for the evaluation of CFDEIT 
Experiments were taken at 24 hours after cell seeding. 1.2 ml culture medium 
was added to the sensor, and the references were taken at 10 kHz and 100 
kHz, respectively. The cell-loaded hydrogel samples, scaffold samples and 
their blank controls were transfer to the miniature EIT sensor, respectively, and 
the same volume of culture medium was absorbed using the pipette to 
maintain the liquid volume in the sensor. The measurements for the samples 
and their blank controls were taken with the FDEIT method demonstrated in 
Section 5.2.3. In order to evaluate the performance of CFDEIT in long-term 
tissue culture monitoring, another reference group was taken when the sensor 
was filled with 1.2 ml phosphate-buffered saline (PBS) to simulate the change 
of background conductivity due to the cell breathing and metabolism. 
6.3 Results 
6.3.1 Simulation results 
Simulations were performed in the miniature sensor model to evaluate the 
effect of leakage current to the voltage measurement and the performance of 
the proposed CFDEIT method. The model of the sensor was developed in 
COMSOL Multiphysics as demonstrated at Section 6.2.5. The frequency-
independent background conductivity was set to 2 /bg S m =  and the 
conductivity of the scaffold sample was 1 S/m and 1.2 S/m at 1 10f kHz=  and 
2 100f kHz= , respectively. The contact impedances were set to the same (
1 2 3 4 20R R R R= = = =  ) and the coupling capacitances were identical ( x yC C=
). 
6.3.1.1 Single-channel evaluation 
The single-channel evaluation was performed at 100kHz  in the sensor model 
with a scaffold sample (Figure 6-3(c)). 0 1I mA=  was injected into the sensor 
through electrode pair 9-10 while the boundary voltage was measured at 
electrode pair 16-1, where the target impedance 19.519mZ =  . By changing 
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the value of contact impedance and the coupling capacitance, the 
corresponding boundary voltage is shown in Table 1. The red numbers 
indicate the significant changes referred to the default setting in the second 
row. 
When coupling capacitance did not exist, the boundary voltage was equal to 
the product of stimulation current and the target impedance as expected. As 
can be seen in row 2 and 5, the presence of coupling capacitances reduces 
the boundary voltages, and larger coupling capacitances cause more 
significant effects. Row 3 shows the increase of contact impedance 
3Z results 
in the increase of the boundary voltage V, but V is almost invariable if 3Z  and 
4Z  has the same change. Finally, changing the contact impedance of 1Z  and 
2Z  didn’t cause an apparent variation in the boundary voltage. 
Overall, the results match the proposed equation (6-8). The current travelled 
through the impedance network through channel 1 and channel 2 when 
coupling capacitance did not exist, so there was no current that went through 
contact impedance 3Z  and 4Z . Hence, boundary voltage was equal to the 
product of stimulation current and the target impedance. When coupling 
capacitances were presented in the circuit, some current was diverted to 
ground through the measuring channel 3 and 4, resulting in the drop of 3I . 
Therefore, the boundary voltage was lower than the expected value. The 
increase of contact impedance 3Z  changed the total impedance measured by 
the voltmeter, so the boundary voltage became higher than the expectation. 
However, this change would be compensated by the increase of contact 
impedance 4Z , so the boundary voltage measurement was almost invariable 
if 3Z  and 4Z  had the same change. The change of contact impedances 1Z  
and 2Z  didn’t affect the boundary voltage as they did not exist in Eq. (6-8). 
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Table 6-1 Single channel boundary voltage measurement corresponding to different impedance artefacts 
Z1(Ω) Z2(Ω) Z3(Ω) Z4(Ω) Z14(Ω) Z23(Ω) Zm (Ω) Cx(nF) Cy(nF) I3(μA) V(mV) 
20 20 20 20 270.022 230.73 19.519 0 0 1000 19.519 
20 20 20 20 270.022 230.73 19.519 5 5 508.677 13.054 
20 20 50 20 270.022 230.73 19.519 5 5 500.744 23.136 
20 20 50 50 270.022 230.73 19.519 5 5 491.901 12.962 
20 20 20 20 270.022 230.73 19.519 2 2 828.057 17.085 
50 20 20 20 270.022 230.73 19.519 5 5 508.677 13.054 
20 50 20 20 270.022 230.73 19.519 5 5 468.925 12.619 
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6.3.1.2 Image reconstruction under the effect of leakage 
current 
In this section, the coupling capacitances were set to 5x yC C nF= = , and four 
boundary voltage sets were collected: 1mV −  and 2mV − were corresponding to the 
heterogeneous model (Figure 6-3 (c)) while 
1rV −  and 2rV −  were corresponding 
to the homogeneous model (Figure 6-3 (b)) at 
1f  and 2f , respectively. A 50 
dB Gaussian noise was added to each voltage set to simulate the 
measurement noise during practical experiments [157]. The calibration of 
FDEIT measurements was performed with the conventional FDEIT method 
and the proposed CFDEIT.  
As can be seen in Figure 6-5 (a), the boundary voltage measurements change 
with the frequency in both the homogeneous sensor model and the 
heterogeneous model with the scaffold sample. Since the background 
conductivity is frequency independent, these variations should be blamed for 
the leakage current, which changes the voltage drops on the contact 
impedance and the target impedance. In the homogeneous model, the voltage 
variation on the electrode pairs near the current stimulation is around 5.4 mV. 
However, this value only increases to 7 mV when the scaffold sample is placed 
near the electrodes. Therefore, the voltage variation induced by the 
conductivity change of the tissue sample may be overwhelmed by the errors 
induced by the leakage current. 
Figure 6-5 (b) shows there is a significant variation between the raw voltages 
at 1f  and 2f . This voltage variation cannot be used in the image reconstruction 
directly as it emphasises the modelling errors in the image reconstruction. In 
FDEIT, the optimal weight factor minimises the voltage variation by 
compensating the in-phase term between 1mV −  and 2mV −  [122]. This method 
eliminates most of the errors introduced by the leakage current, but it also 
reduces the variation introduced by the conductivity change of the tissue 
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sample and the voltage variation near the scaffold sample is less than 0.4 mV 
after calibration. As a consequence, it may easily be affected by the noise and 
the errors introduced by the leakage current. The proposed CFDEIT maintains 
the 1.52 mV voltage variation near the tissue sample while compensating the 
errors in the measurements through subtraction. This value is similar to the 
voltage variation introduced by the scaffold sample in Figure 6-5 (a). Hence, 
the boundary voltages maintain small changes in the background area and the 
changes introduced by the scaffold sample are highlighted. 
The images reconstructed for the sensor model with the scaffold sample are 
shown in Figure 6-6. In Figure 6-6 (a), not only the scaffold sample at position 
(10.8, 7.2) but also an unexpected anomaly appears in the image with FDEIT. 
The unexpected anomaly locates at position (5.7, 12), and its conductivity 
variation is similar to the scaffold sample. One reason for the unexpected 
anomaly is the inapplicability of the four-electrode reciprocity theorem [15] 
when leakage current exists. Due to the leakage current, the interchange of 
injection and measurement pairs are two independent measurements. Hence, 
omitting the interchanged measurement causes errors in the image unless the 
effect of leakage current can be compensated. In Figure 6-6 (b), the image 
with CFDEIT has a clear background and the scaffold sample is reconstructed 
at position (11.4, 7.5) with a sharp boundary. This position is close to the true 
position of the scaffold sample, and the CC of Figure 6-6 (b) is also smaller 
than that of Figure 6-6 (a). Hence, CFDEIT provides a better image quality 
regarding tracking the position of the tissue sample and monitor its conductivity 
variation. 
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Figure 6-5 Boundary voltages corresponding to the miniature EIT sensor models 
 
 
Figure 6-6 The true image of the model and the reconstructed images with (b) FDEIT 
and (c) CFDEIT 
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Table 6-2 Correlation coefficients of the reconstructed images in simulations 
Methods FDEIT CFDEIT 
CC 0.6494 0.8781 
6.3.2 Experimental results 
6.3.2.1 Boundary voltage evaluation 
Figure 6-7 illustrates the boundary voltages for hydrogel sample and scaffold 
sample as well as their blank controls. In both cases, the boundary voltages 
change with the frequency. The differences between the samples and their 
blank controls are not apparent, which are much smaller than the voltage 
variation between two frequencies. 
 
Figure 6-7 Boundary voltages for (a) hydrogel sample and its blank control and (b) 
scaffold sample and its blank control 
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6.3.2.2 Image reconstruction with accurate reference 
The boundary voltage variations processed by FDEIT and CFDEIT are shown 
in Figure 6-8. The sensor with culture medium was used as the reference for 
the calibration of FDEIT. It can be seen that the boundary voltage variations 
processed with FDEIT have a more significant fluctuation than those 
processed with CFDEIT. Compared with the control groups, the voltage 
variations for the hydrogel sample and the scaffold sample have an obvious 
drop when processed with CFDEIT. However, it is hard to distinguish the 
control groups and the sample groups using FDEIT. Using CFDEIT, the nadir 
of the voltage variations occurs at the 50th measurements where the current 
was injected from electrode pair 5-6 and voltage was measured from electrode 
pair 7-8. However, the valleys of the voltage variations with FDEIT occur when 
an unexpected voltage drops exist in the boundary voltages, which can be 
observed in Figure 6-7. 
Figure 6-9 and Figure 6-10 show the images for hydrogel sample, scaffold 
sample and their blank controls. In the image reconstructed with FDEIT, only 
an unexpected anomaly is reconstructed on the top of the images and noise 
occurs around position (6.2, 11.2). There is no obvious difference between 
these images, so FDEIT fails to distinguish the sample from the blank control 
for both the hydrogel and the scaffold. In Figure 6-9 (c) and Figure 6-10 (c), 
the conductivity distribution increases in the circles located at position (6, 4) 
and position (6.3, 4.2), respectively. They are the same as the true position of 
the hydrogel sample and the scaffold sample, and it consists of the fact that 
the viable cells have a higher conductivity when frequency increases. Figure 
6-9 (f) and Figure 6-10 (f) indicate that the conductivity of the hydrogel blank 
control is slightly lower than that of the culture medium and the conductivity of 
the blank scaffold control has the same conductivity with the culture medium. 
Both of them show a distinct difference from the images for the samples, 
therefore, CFDEIT can be used to monitor the cell growth and cell viability in 
the 3D bioscaffolds based on the conductivity variation.  
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Figure 6-8 Boundary voltage variations for (a) hydrogel sample and (b) scaffold 
sample 
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Figure 6-9 The true image and the reconstructed images for the hydrogel sample 
 
Figure 6-10 The true image and the reconstructed images for the scaffold sample 
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6.3.2.3 Image reconstruction with inaccurate reference 
The conductivity of the culture medium may change during the cell culture due 
to cell activities. Therefore, in practical cases, the background reference with 
an accurate conductivity is not always available. In order to evaluate the 
robustness of FDEIT to the background changes, the reference for FDEIT 
calibration was replaced by the boundary voltages taken from PBS, which has 
a different conductivity with the culture medium. Image reconstruction with and 
without normalisation was compared. 
Figure 6-11 shows the images reconstructed with inaccurate reference (PBS). 
The centres of the hydrogel sample and the scaffold sample are position (6, 
5.55) and position (6, 6.2), respectively, which have been shifted towards the 
middle of the sensor due to modelling errors. Compared with the images 
reconstructed with an accurate reference (culture medium) in Figure 6-9 and 
Figure 6-10, the images with an inaccurate reference has a slightly lower CC 
value as well. However, the drop of CC is mainly caused by the shift of the 
sample and the background noise, so the image in Figure 6-11 still correctly 
reflect the true conductivity changes of the sample and maintain their clear 
boundaries. As a consequence, CFDEIT is robust to the background 
conductivity change during the cell culture. 
 
Figure 6-11 Image reconstruction for tissue samples with inaccurate reference 
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Hydrogel sample 0.8655 0.6751 
Scaffold sample 0.8930 0.7207 
6.4 Discussions 
The equivalent circuit analysis demonstrates the measurement errors in FDEIT 
are mainly contributed by the presence of coupling capacitance. Leakage 
current is diverted through the coupling capacitance, resulting in the decrease 
of current going through the target impedance and the voltage drops on the 
contact impedances. Therefore, the measured target impedance is usually 
lower than that of the true value, and it is also affected by the contact 
impedances if the contact impedances between two measuring electrodes are 
not identical. 
Conventional FDEIT is widely used in macro EIT imaging to extract the 
anomaly from the background [123, 176, 177], but its performance for 
miniature tissue culture monitoring is poor. Due to the presence of coupling 
capacitances, the boundary voltages related to not only the target impedance 
but also the leakage current, contact impedance and edge impedance. The 
weight factor in FDEIT eliminated the projection terms in these errors, but it 
failed to reduce the orthogonal terms, which were assumed to contain the core 
information [122]. In miniature EIT imaging where voltage variations introduced 
by the samples were lower than the measurement errors, the calculation of the 
weight factor was mainly affected by the errors. Hence, the unexpected 
anomaly occurred between electrode 16-1 in the reconstructed images. 
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Based on the equivalent circuit, the CFDEIT method has been developed to 
compensates the measurement errors in miniature EIT imaging. By subtracting 
the error terms, the boundary voltages maintained the same value if 
conductivity distribution wasn’t changed in the sensing area. In order to 
evaluate the performance of this method, a joint simulation method to perform 
error analysis in EIT measurements has been developed using COMSOL 
Multiphysics and LTspice. It proves that the change of boundary voltage 
corresponding to the variation of each component is the same as that 
demonstrated in the equation for CFDEIT (6-8). In both the simulations and 
the experiments, the centres of the bioscaffolds can be correctly demonstrated 
in the reconstructed images with the position error of 0.1 mm. It is also feasible 
to differentiate the samples with cells from their blank controls. 
When the conductivity of the background solution is not available, PBS can be 
used as the reference for CFDEIT. Although the image qualities are reduced 
by 17%-19% in terms of CC, the conductivity variations of the bioscaffolds, 
which are related to the cell characteristics, are similar to those in the images 
reconstructed with accurate reference. Therefore, CFDEIT can demonstrate 
the cell characteristics without accurate references, and it is suitable for long-
term cell culture monitoring where the conductivity of culture medium changes 
over time. 
Cells in suspensions or sparse adherent culture have a different dielectric cell 
response than in a tissue-like structure as interconnected cells oppose an 
intercellular resistance to the electrical field in addition to their individual 
dielectric properties. By applying the effective medium theory [157], the 
conductivity variation of the bioscaffolds not only indicates the cell 
concentration but also other cellular activities, such as cell differentiation, in 
future studies. 
6.5 Summary 
In this study, the errors in FDEIT measurements have been analysed through 
equivalent circuit analysis. A joint simulation combining FEM EIT modelling 
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and SPICE circuit simulation has been developed to evaluate the effect of each 
component to the boundary voltage. Based on the equivalent circuit, the 
CFDEIT method has been developed to eliminate measurement errors. The 
following conclusions can be drawn from the numerical simulations and 
experimental results: 
• Measurement errors in miniature FDEIT are mainly introduced by the 
leakage current through coupling capacitances to the ground. 
• In 3D tissue culture experiments, the measurement error between 10 
kHz and 100 kHz is 20.3 mV, which is 19.6 mV larger than the voltage 
variations introduced by the presence of cells in the bioscaffolds. 
• CFDEIT can eliminate the measurement errors and increase the image 
quality by 23% in terms of the correlation coefficient. It penalises the 
background noises and unexpected anomaly in the images while 
maintaining the information of the bioscaffolds. It also helps to 
distinguish the samples from their blank controls. 
• It demonstrates that CFDEIT can work with an inaccurate reference, so 
it is suitable for long-term tissue culture monitoring where the 
conductivity of the culture medium is time-dependent. 
To the best of my knowledge, this is the first study to evaluate the effect of 
leakage current in biological FDEIT imaging and to monitor 3D tissue culture 
using FDEIT. It provides a new tool for long-term tissue culture monitoring with 
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Chapter 7  Conclusions and future work 
The focus of this thesis was on the development of methods and theoretical 
foundation for the application of EIT on 3D tissue culture monitoring. The 
protocols of EIT to monitor the 3D cell culture in tightly packed spheroids, 
hydrogels and bioscaffolds with sparse cell distribution had been developed. 
A 3D tissue model was developed based on the single shell theory to 
demonstrate the relationship between the cell concentration, cell viability and 
the conductivity of the entire tissue. The limitation and resolution of EIT for 
cellular assays were therefore calculated through the model and examined by 
numerical simulations and biological experiments. As one of the most 
important factors affecting the accuracy of the EIT image, the measurement 
errors were analysed by developing a joint simulation method using 
Multiphysics software and circuit simulation software. A calibration method 
was then derived to eliminate the measurement errors in 3D tissue culture 
monitoring. 
7.1 Summary of findings 
In Chapter 3 , a feasibility study to investigate the potential of miniature EIT for 
3D biological tissue monitoring was presented. Both TDEIT and FDEIT were 
tested in the miniature EIT sensor with plant tissue samples. The results were 
then evaluated by the true conductivity spectra measured on the samples 
directly. It showed the potential of EIT to semi-quantitatively assess the 
conductivity of tissues cultured in the sensor, which were surrounded by 
conductive background solution. The optimal settings for miniature EIT in 3D 
biological tissue monitoring and the protocols to avoid artificial measurement 
errors were concluded by considering the results and the performance of the 
Agile Tomography system. An improvement was also made to the sub-
domain-based regularisation algorithm to evaluate the effect of image 
reconstruction algorithms to the quality of the reconstructed images. This 
chapter acted as the foundation of the thesis for designing the numerical 
simulations and biological experiments in miniature scale. 
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In Chapter 4 , a method was proposed for the real-time monitoring of cell 
spheroid drug response using time-difference EIT. A 3D tissue model based 
on single shell theory was developed for calculating its conductivity from the 
cell concentration, cell viability and electrical properties of the cells. The 
theoretical resolution of EIT for cellular imaging was then estimated through 
this model. In the experiment, an improved liquid overlay method was 
developed to form viable tumour spheroids in the miniature EIT sensor with 
updated coating and culture medium. The first study to monitor the conductivity 
variation of 3D cell spheroids following a chemical insult using EIT was 
performed with the time-difference imaging. It was shown that my method 
could reconstruct the small conductivity variation due to the change of cell 
viability in a temporal resolution over 3.3 fps in real-time. It quantitatively 
estimated the conductivity change in real-time, providing more detailed 
information for the transient changes in cell viability within large 3D spheroids.  
In Chapter 5 , the real-time monitoring method was extended for the 
applications of tissue engineering, where cells were sparsely distributed in 3D 
bioscaffolds. The performance of time-difference imaging and frequency-
difference imaging were compared. The results showed the conductivity 
variation of cells in the bioscaffolds were easier affected by unexpected 
disturbances than those of the plant tissues and spheroids where cells were 
connected tightly. The time-difference method had higher image quality in 
static imaging, but it was difficult to separate the conductivity variation due to 
cell death and that introduced by the culture medium. Frequency-difference 
imaging can be utilised to solve this problem, but a proper calibration method 
should be developed to reduce the measurement errors introduced by the 
impedance measurement system. 
In Chapter 6 , an equivalent circuit model was developed for the single-channel 
measurement of EIT to demonstrate the measurement errors contributed by 
each component in the circuitry. A calibration method for FDEIT was derived 
based on the model to eliminate the circuitry errors, and its robustness to 
background disturbance was improved by the implementation of normalisation. 
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A novel simulation method combining Multiphysics simulation and analogue 
circuit simulation was then developed to evaluate the performance of the 
calibration method, and it could be extended for other EIT applications to 
analyse the effect of circuitry errors to the boundary voltage measurements. 
The results showed that the CFDEIT method significantly improved the image 
quality of frequency-difference images, and it successfully solved the problem 
demonstrated in Chapter 5  It extended the application of FDEIT for long-term 
tissue culture monitoring by improving the robustness of FDEIT to the 
disturbance of background conductivity. 
7.2 Future work 
This thesis made a step forward in the development of EIT for 3D tissue culture 
monitoring. It came up with new protocols and new models to monitor the in-
vitro 3D tissue samples, but some limitations occurred in the analysis of the 
data, which should be resolved in future studies: 
7.2.1 Validation of EIT data 
Technology validation confirms that EIT can reconstruct the cell viability 
correctly and it can be further incorporated into the existing biological 
monitoring system to provide extra information for the researches. In this thesis, 
the EIT images of the tissue viability were validated by the cellular metabolic 
viability assays at the endpoint of the experiment. However, the accuracy of 
the images during the chemical insult still needed to be determined by other 
measuring techniques due to the low temporal resolution of the metabolic 
assays. EIS measurement may be used for the validation when the spheroids 
are cultured in a system with background calibration [8]. Alternatively, dual-
modality imaging combining EIT and optical-based imaging can be carried out 
on a transparent EIT sensor (Figure 3-2). 
7.2.2 Sensor design and modelling 
The simulations and experiments in this thesis were based on the planar 
miniature EIT sensor with 16 working electrodes on its substrate. Although this 
design provided a good horizontal resolution of the tissue samples located on 
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the bottom of the sensor and avoided the impedance artefacts due to the 
contact between the sample and the electrode surface, it had a limited vertical 
resolution in 3D image reconstruction [178]. As a consequence, the tissue 
sample reconstructed in 3D suffered from severe deformation and 
displacement when modelling errors existed, which may be introduced by the 
change of liquid surface or liquid volume. In order to reduce the errors and the 
computational cost, my studies were based on the sensitivity matrix for the 
bottom layer of the sensor, which aimed to better demonstrate the horizontal 
position and cellular activities of the samples in a 2D plane. Further studies 
should be carried out to optimise the sensor structure and the location of 
electrodes; so that the conductivity variation within each voxel can be correctly 
reconstructed. 
7.2.3 Image reconstruction using spatiotemporal information 
Conventional algorithms utilise the spatial regularisation to stabilise the cost 
function when solving the inverse problem. These approaches constrain the 
conductivity to the desired distribution, but the images reconstructed for 
different time points are independent. Hence, the random noises during the 
measurement will cause unexpected disturbances in the reconstructed 
conductivity of the tissue sample, which increases the difficulty in the sample 
analysis. Considered the continuity of the conductivity in time domain, the 
spatiotemporal regularisation methods [109, 179] could be applied in the future 
study to visualise the dynamic change of tissue conductivity with improved 
accuracy.  
7.2.4 Wideband spectro-tomography 
In single-frequency TDEIT or dual-frequency FDEIT, the images can only 
demonstrate limited features of the tissue samples. For example, the 
measuring frequencies in this thesis locate at β-dispersion, where the 
conductivity of the cells is mainly affected by the interfacial polarisation across 
the cell membranes. The results, therefore, reflected the corresponding 
features, such as cell concentration and cell viability. To analyse the interaction 
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between adjacent cells and the features of cytoplasm and cell nucleus, the 
information on other frequencies are required.  
It has previously been proposed in the literature to use the wideband signal as 
the stimulating current so that the conductivity spectra of the tissue sample can 
be measured simultaneously [180]. The idea is to generate a chirp signal that 
sweeps the desired frequency range from the current source, and the 
boundary voltages corresponding to each frequency is resolved through 
wavelet analysis before image reconstruction. The reconstructed images can 
be further utilised to develop the dielectric relaxation model for the tissue 
samples [181], which also provides the electrical characteristics of the tissue 
samples out of the measuring frequency range.  
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